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20. ABSTRACT (Continued)

—monolithic tungsten subtips in ICBM flight environments, Therefore, additional
studies were performed to develop an improved subtip concept that would be more
resistant to thermal stress failures. These studies resulted in a segmented con-
struction approach that will reduce the applied thermal stresses to acceptable
levels and provide a high probability of survival in flight. Two segmented and
two monolithic tungsten subtips were then designed, fabricated, and tested on
HEARTS and FLAME flight test vehicles, All four nosetips survived to impact
with no evidence of thermostructural failure and with no development of vehicle
trim angles-of-attack at low altitudes. Additional tests at more severe conditions
are required to verify the improvement in thermal stress performance provided
by the segmented construction technique. i\

Two new types of ablation sensors were investigated for possible use in obtaining
in-flight measurements of the recession performance of tungsten nosetips. These
sensors were: 1) an ultrasonic ablation gage that measures the resonant frequen-
cies in the nosetip to obtain an indication of the remaining length, and 2) a radio-
active gage that uses bremsstrahlung radiation to activate the tungsten.

Laboratory versions of both sensors were built and found to give promising results
that warranted further development.
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PREFACE

The studies described in this report were performed by Prototype Development
Associates, Inc. (PDA), Santa Ana, California, for the Defense Nuclear Agency (DNA) under
Contract Number DNA001-75-C-0054. Major T. W. Swartz was the DNA Contracting Officer's
Representative. The work also was sponsored by the Space and Missile Systems Organization
(SAMSO), Air Force Systems Command, Los Angeles, California. The SAMSO Project Officers
were Captains J. E. Green and M. W, Elliott. Mr. P. J. Legendre of the Aerospace Corporation
served as the principal technical monitor for SAMSO.

The PDA Program Manager was Mr. M. M. Sherman. Principal contributors to
this study and report included: J. C. Schutzler (structural analyses and nosectip design),
J. R. Stetson (design verification test program), J. L. Deleget (structural analyses),
L. S. Groener (ablation testing and ablation gage development), and H. L. Moody (ablation
gage development).
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Conversion factors for U. S. customary to metric (SU) units of measurement.

To Convert From

To

Multiply By

angstrom

atmosphere (normal)

bar

barn

British thermal unit (thermochemical)

calorie (thermochemical)

cal (thermochemical)/cm?

curie

degree (angle)

degree Fahrenheit

electron volt

erg

erg/second

foot

foot-pound-force

gallon (U. S. liquid)

inch

jerk

joule/kilogram (J/kg) (radiation dose
absorbed)

kilotons

kip (1000 1bf)

kip/inch? (i:si)

ktap

micron

mil

mile (international)

ounce

pound-force (Ibf avoirdupotis)
pound-force inch
pound-force/inch
pound—force/foot2
pound-force/inch? (psi)
pound-mass {lbm_avoirdupotis)
pound-mass-foot® (moment of inertia)

pound-mass/foot3

rad (radiation dose absorbed)
roentgen

shake

slug

torr (mm Hg, 0° C)

meters (m)

kilo pascal (kPa)
kilo pascal (kPa)
meter (1112)
joule (J)

joule (J)

mega joule/ m? (MJ/m2)

giga beequerel (GBq)*
radian (rad)

degree kelvin {K)
joule (J)
joule (J)
watt (W)
meter (m)
joule (J)
metert (m
meter (in)
joule (5)

3

Gray (Gy)**

terajoules

newton (N)

kilo pascal (kPa)

newton-second/m
(N-s/ mz)

meter (m)

meter (m)

meter (m)

kilogram (kg)

ncwton {N)

newton-meter (N'm)

newton/meter (N/m)

kilo pascal (kPa)

kilo pascal (kPa)

kilogram (kg)

kilogram-meter

2

(kg-m~)

kil\')gra:_n/mcter3
(kge/m3)

Gray (Gy)**

2

coulomb/kilogram (C/kg)

sccond (s)
kilogram (kg)
kilo pascal (kPa)

1.000 000 X E -10
1.013 25 X E +2
1.000 000 X E 2
1.000 000 X E -28
1.054 350 X E +3
4.184 000
4.184 000 X E -2
3.700 000 X E +1
1.745 329 X E -2
T, = (t°f + 459.67)/1.8
1.602 19X E -19
1.000 000 X E -7
1.000 000 X E -7
3.048 000 X E -1
1.355 818

.785 412X E -3
2.540 000 X E -2
1.000 000 X E 49

1. 000 000

4.183

4.448 222 X E +3
6.894 757 X E 43

1.000 000 X E +2
1.000 000 X E -6
2.510 000 X E -5
1.609 3411 X E 43
2.834 952X E -2
4.48 222

1.129 S48 X E -1
1.751 268 X E +2
4.788 026 X E -2
6.894 757

4.535 924 X E -1

4.214 011X E -2

1.601 346 X E +1
1.000 000 X E -2
2.579 760 X E -4
1.000 000 X E -8
1.459 380 X E +1
1.33322X E -1

*The becquerel (Bq) is the SI unit of radioactivity; 1 Bq = 1 event/s.
**The Gray (Gy) is the SI unit of absorbed radiation.

A more complete listing of conversions may be found in "Metric Practice Guide E 380-74,"
American Society for Testing and Materials.
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1.0 INTRODUCTION AND SUMMARY

Prototype Development Associates, Inc. (PDA s been developing erosion-resistant
nosctips (ERN) to provide an all-weather flight capability fc  eentry and intercoptor vehicles. The
ERN designs arc comprised of a graphitic (carbon-carbon or alk graphite) external, or primary,
nosctip and an crosion-resistant inner nosetip, or subtip. The g aphitic primary nosetip provides
minimum recession and shape change during clear afr flight, whilc the subtip assures vehicle sur-
vival to impact in erosive weather environments. In the Erosion-Resistant Nosetlp Technology
(ERNT) program (Reference 1), the basic ERN concept was defincd, tungsten was selected as the
optimum state-of-the-art subtip material, and concept feasibility was demonstrated in a ground test
program,

Plans were then made to evaluate the ERN concept in actual flight environments. A
series of flight tests was designed to measure flight performance in increasingly severe acrothermal
cnvironments, both in elear air and in weather. Tungsten subtips and,’'or complete ERN assemblies
ware designed and fabricated for flight tests on SAMS, FLAME, HEARTS, and A.N.T. vehicles.

SAMS (Sandia-Air Force Materials Study) was an on-going program that offered an carly
opportunity to obtain flight ablation and erosion performance data for tungsten. The SAMS vehicles
consist of a three-stage rochet and a payload section containing the nosctip, a recovery system,
instrumentation, and telemetry equipment. Most of the test period occurs during the powered por-
tion of the flight, and the peal velocities are slightly in excess of 10,000 ft/sce.  The nosetips are
recovered for post-test measurements and evaluation.

Four tungsten nosctips were designed, built, and flight-tested on SAMS vehicles. One
of the nosctips was made {rom commercially pure tungsten, and three were made from tungsten,’
2-percent thoria, (\W/ 2ThOg). (Ground tests had shown that the ablation performance of these two
types of tungsten is identical, but that the thoriated material offers potentially superior thermo-
structural performance.) To identify the effects of particle impacts on ablation performance, two
of the nosetips were flown in weather and two were flown in clear air. All four nosetips were recos -
cred intact and subjected to detailed post-flight examination and analyses.

The most significant observation from the recovered nosetips was in regard to the effects
of the weather environment on the tungsten ablation characteristics. Both clear air nosetips had
smooth, flat stagnation regions; while the two nosetips flown in crosive weather environments were
characterized by a slarper, biconic forward region with deep surface scallop patterns. The total
axial recession of the weather nosetips was approximately twice that of the ciear air nosetips. The
scallop patterns arce believed to have been initiated by weather particles impacting on the soft,
melting tungsten surface. Once formed, the patterns tended to persist and cause increased local
surface heating and recession rates.  No scallop or erosshateh patterns were found on the conical
frustum where no melting of the tungsten occurred.

No differences were observed in the ablation ani shape change behavior of the commer-
cially pure tungsten and the W/2ThOg nosetips that were flown in clear air environments.

Post-flight examination of the recovered nosetips revealed the presence of extensive
fracture patterns in both clear air and weather nosetips. However, detailed metallographic exami-
nations of the nosetips indicated that all of the fractures were initiated after the period of aerody
namic heating. That is, all fractures could be attributed either to cool-down stresses or to residual
stresses that were relicved by the sectioning process.
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The conclusions of the metallog: aphic analyses were confirmed qualitatively by post-
flight thermostructural analyses. Calculations were performed to compare the predicted thermal
stresses in the SAMS/ERN flight test nosetips with the stresses in similar tungsten models tested
in the AFFDL 50 megawatt arc-jet and in a rocket motor facility. The peak stresses computed for
the ground test models were equal to, or greater than, the peak stresses in the flight environment;
and no thermostructural failures occurred during the ground tests. However, it was noted that both
“he ground and flight test models were computed to be marginal during the period of heat-up stresses.
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Following the SAMS/ERN program, tungsten nosetips were designed and built for flight
tests on the FILAME (Fighter-Launched Advanced Maierials Experiment) and the HEARTS (Hydro-
meteor Erosion And Recession Test System) vehicles, both of which provide flight conditions that are
intermediate between the SAMS environments and ICBM flight environments. These flight test pro-
grams were performed concurrently with an intensive design, development, and fabrication effort
to provide complete ERN designs for final evaluation on full-scale ICBM flight tests on the A.N.T.

(Advanced Nosetip Test) vehicles.
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Two configurations were specified for the A.N.T. flight tests: 1) a sharp (0.75-inch
radius), high ballistic coefficient (8) vehicle; and 2) a blunt (1.25-inch radius) lower-g vehicle.
Both vehicles (along with two other vehicles) were to be launched on a single booster, and each con-
figuration was to be flown once in clear air and once in a weather environment. To permit accurate
definition of the effects of the erosive environment on the tungsten recession performance, the
' A.N.T./ERN nosetips were designed so the tungsten subtips would be exposed at necarly the same
altitude (35 kft) in clear air and in weather. It was further specified that the external shape and
materials be the same for the clear air and weather flights and that the total shape change should be
minimized. To satisfy these requirements, it was necessary to design a complex primary nosetip
structure of graphite that would: 1) transmit axial aerodynamic loads from the external surface to
the tungsten subtip, 2) support the external shell in a free-standing condition to minimize thermal
stresses, and 3) assure a controlled fracture and removal of the external shell at the burn-through/
removal altitude. The subtip was designed for thermal and structural survival to impact following
sudden exposure at the primary nosetip removal altitude of 35 kft.
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All of the results of the SAMS/ERN flight test program aud a complete description of the
design/development effort for the A.N. T./ERN nosetips through the Zritical Design Review (CDR)
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primary nosetip could be cxpected to perform satisfactorily in all respects, but that the tungsten
subtips had an excessively high probability of expericncing thermal stress failures in flight.

i

The thermal stress problem for tungsten subtips had been of increasing concern after
the post-flight analyses of the SAMS/ERN nosetips. All the early subtip designs were monolithic
configurations that werc machined from large billets of extruded or swaged material. As mechanical

: were summarized in Reference 2. The present report describes the final tasks accomplished in
N support of the A. N.T./ERN program, as well as the work performed in several related efferts,
including the FLAME/ERN and HEARTS/ERN flight tests.
i
After the A.N.T./ERN CDR, the final nosetip flight designs were evaluated in a design
verification test program performed at the Rocket Exhaust Test Facility at the Air Force Rocket £
g Propulsion Laboratory (AFRPL). In this program, described in Section 2.0, full-scale nosetips &
5 were built and tested in a high performance exhaust flow environment. The tests were run with a §
z model stagnation pressure of 100 atmospheres using a new benzonitrile/liquid oxygen propellant ! 3
4l system. The resultant flow conditions produced an ablative and thermal stress environment for the { gj
:‘ nosetips that was representative of actual ICBM flight conditions. The test results indicated that the %
2
=




property data for these billets gradually became available, it was found that the strength properties
in the transverse plane were unsuitably low due to grain orientation characteristics and flaws. This
poor transverse strength, coupled with the existence of a large volume of highly stressed material
at temperatures below the ductile-brittle transition temperature (DBTT), resulted in the prediction
of high probabilities of failure for many flight cases.

As a result, studies were begun to develop an improved subtip concept that would be more
resistant to thermal stress failures. This task, which was conducted as a parallel effort to the
A.N.T./ERN detailed design studies, involved a segmented construction approach that had the objec-
tive of reducing the applied thermal stresses to acceptable levels. With the segmented construction
technique, the subtip is manufactured in the same external shape as the monolithic designs but is
made from a number of smaller components. This results in lower thermal siress levels in the
nosetip because: 1) the smaller components experience smaller temperature gradients, and 2) the
segments can accommodate the stresses by deforming under the influence of the temperature gra-
dient. The probability of failure also is reduced by the smaller unit volumes of highly stressed
material in individual components. Because a fracture in one segment cannot propagate across the
segment boundaries, any fracture that does occur will not result in a catastrophic failure of the
assembly, thereby providing a form of artificial fracture toughness.

Several analytical and test programs were performed to develop and validate the seg-
mented design concept. These included analyses to define the optimum segment configuration and
arc-jet tests to determine if the segmented construction would affect the ablation performance of
the assembly. The results indicated that segmented nosetips could be designed with a very low
probability of thermostructural failure in flight and that the segmented construction has no detect-
able effect on the ablation performance.

Because of the favorable preliminary results obtained in the segmented nosetip develop-
ment task (Section 3.0), segmented tungsten nosetips were designed and fabricated for evaluation on
the HEARTS and FLAME flight test vehicles. The HEARTS vehicles were launched on Athena C and
Athena D boosters and attained entry velocities of approximately 15,200 ft/sec. The HEARTS pay-
loads were not recovered. One monolithic tungsten nosetip and one segmented nosetip were built
and flight tested in clear air environments. Each nosetip was covered with a teflon glove designed
to burn through and expose the tungsten at an altitude of around 35 kit. Both HEARTS/ERN nosetips
survived to impact with no cvidence of thermostructural failure and with no development of vehicle
trim angle-of-attack at low altitudes. The HEARTS,’ERN design analyses and results are summarized
in Section . 0.

The FLAME vehicles were air-launched, two-stage rockets that reached peak velocities
in excess of 13,000 ft/scc. The payloads were designed for recovery to permit post-flight examina-
tion and analyses. One monolithic tungsten nosetip and one segmented nosetip were built and tested
on FLAME vehicles in clear air flights. Both nosetips survived to impact with no unusual acrody-
namic behavior. The monolithic design was recovered intact and found to be in excellent condition.
The total recession depth was within predicted limits and no evidence of thermostructural failure was
found. Section 5.0 describes the FLAME/ERN design and flight test analyses.

The HEARTS/ERN and FLAME/ERN flight tests provided valuable information regarding
the performance of tungsten nosetips in hypersonic flight. Data were obtained to: 1) verify the clear
air ablation performance of tungsten, 2) demonstrate the aerodynamic behavior of tungsten nosetips,
and 3) verify the thermal stress behavior at sub-ICBM flight conditions. It also was shown that the
segmented construction did not degrade the acrodynamic, structural, or ablation performance of
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tungston nosotips. towevor, since tho HHEARTS and FLAMLE flight onvironmonts were not suffi-
olontly sovore to produco thormal stross fuiluros in tho monolithic nosotips, no voriffcation wis
obtainod of tho improvement in thormostructural porformance provided by the sogmented construc-
tion, Thoroforo, additional work was roecommondod to cvaluate the thormostructural responsc of
a full-scnlo scgmented tungston noretip in o high porformance rocket motor exhaust flow and to
obtain final verifiontion of the concopt in an ICBM flight test,

: Anothor major problom ussoclatod with flight test ovaluation of tungston nosetips how
beon the diffleulty of obtuining In-flight surface rocession mensuremonts, Sineo the A,N. T, vehleles
will not bo rocoverod for post-flight inspection, ull information rogurding nosctip performance must
be obtained from on-board instruments. llowever, the physieal properties of tungsten are such that
most of the micasuremont tochniques doveloped for graphitic and resinous nosctips cannot be used,
For examplo, gamma-ray backsecatter sensors are not practical beenuse the high density and attenu-
ntion charnctoristics of tungston 1imit the offective moasuroment range to a fractfon of an inch, The
usc of embedded discrete radioactive sources is prevented beenuso the instrumentation holes criti-
cally degrade the thermostructural integrity of tungsten.

In tho carlier ERN development studies (Reference 2), two new types of tungsten reces-
sion scensors wore consldered, These were: 1) the K West pulse/ccho ultrasonic ablation gage
(devoloped previously and flight tested successfully on graphite nosctips), and 2) a radionctive back-
scattor sensor utilizing noutrons (which are not attenunted by tungsten as significantly as are gammag

rays).

Although mixed results were obtained (n several ground tests and in one SAMS flight test,
it was concluded that the pulse/echo ultrasonic ablation gage Is unsatisfuctory for measuring the sur-
face recession of melting tungsten, The apparent reason Is attenuation of the acoustle wave in the
surface melt layer. The noutron backscattor gage was found to be capable of measuring tungsten
thicknessos only slightly groater than 1.0 inch. Even though {t was belleved that this range could he
oxtendod somewhat (possibly to as much as 2,0 inchow) with additional development effort, the per-
formance still would not be satisfactory for most nosetip lengths of interest., This performance,
nlong with the difficult safety and handling problems assoclated with neutron sources, resulted In
the decision to discontinue further work on the neutron backseatter sensor.

[n the present cffort, two additional sensor concepts were investigated (Section 6. 0),
One of tho concepts is a variation of the pulse/echo ultranonic gage that measures the resonant fre-
quencles in the nosctip to obtain an indieation of the remaining length., The principal advantage of
this concept over the conventional pulse/echo sensor Is the fact that the low frequencies correspond-
Ing to the resonancos wore oxpoctod to have relatively low attenuntion coofficionts. The resontnee
sensor was designod In a laboratory development program and then demonstrated successfully in an
ablation test of a tungsten model in the AFFDL 50 megawnatt arc-jet facility. (No successful tests of
the pulse/echo sensor had boen obtained in this facility,)

The sccond tungston rocession sonsor concept investigated in the present program was
the bremsstrahlung-activation ablation gage (BAAG). With this concept the tungsten is activated by
high cnergy cleetrons that produce high energy bremssteabhlung photons., The photons then convert
the tungsten into the {sotope 18 Ta with no physical alterations to the nosetip. Tungsten components
were {rradinted with this procoss, and a nosctip, collimator, and detector assembly was fabricated
to determine the ablation mensurement sensitivity of tho instrumentation system. The count rate
was found to be a nearly Iinear functfon of matorial thickness for nosctip lengths up to 8,0 em (3,16
Inches). The high count rate produced in the tungsten, nlong with the lnear variation with longth,

10
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resulted in a detector system with good accuracy. All required electrical components were devel-
oped and the basic detector design has been flight tested extensively. Thus, it was concluded that
the BAAG system is a feasible concept for obtaining in-flight recession measurements of tungsten
nosetips. However, additional work is required to complete development of some components,
optimize the nosetip activation procedures, and modify the calibration procedures.
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2.0 A.N.T./ERN NOSETIP DEVELOPMENT

INTRODUCTION AND OBJECTIVES

This section describes the final design verification tests of the Advanced Nosetip Test/
Erosion-Resistant Nosetip (A.N. T./ERN) program that were conducted at the Air Force Rocket
Propulsion Laboratories (AFRPL), Edwards Air Force Base, California, during the period May -
November, 1975 (Reference 3).

The basic PDA erosion-resistant nosetip concept consists of a primary, or outer,
nosetip and a secondary, or backup, subtip which assures survival to impact in an operational
weather environment. The primary nosetip material consists of either graphite or carbon-carbon,
while the erosicn-resistant subtip is fabricated from an alloy of tungsten. A key objective of the
A.N.T./ERN flight tests is cvalugtion of the subtip and phenolic carbon skirt/heatshield ablation
performance in corabined ablation/erosion environments. To accomplish this, it is necessary to
remove the primar; nosetip at an altitude characteristic of the removal altitude in an operational
weather environment. Originally, an internally slotted carbon-carben solid shell configuration,
designed to burn through and separate from the vehicle at the selected removal altitude ( 35 + 5 kft),
was the concept to be {light tested. The results of design development tests on 0.7 scale models
(also performed at the Air Force Rocket Propulsion Laboratory) to evaluate this concept indicated
that an improved design was required to better control removal performance (Reference 2). It was
decided to switch to a graphite nosetip design to provide better material homogeneity, reduce poros-
ity, and improve confidence in the predictability of performance. An axisymmetric shell concept
was designed to provide a predictable removal time based on burn-through rather than on fracture.
(A detailed discussion of the final A. N. T./ERN design is contained in Reference 2). The present
test series was the culmination of the design and wmaterial changes institated after the initial 0.7
scale development tests. In addition to the nosetip changes discussed above, AFRPL also changed
the rocket chemical reactants to a benzonitrile/liquid oxygen system to improve its reentry
simulation.
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The design verification tests discussed herein for the 994 graphite, thin, hollow shell
primary nosctips and monolithic tungsten subtips were run in the AFRPL/ABRES 1-52-C test facility,
described in Reference 4, using the benzonitrile/liquid oxygen propellant system. The specific test

objectives were to:

R s ERR e e 10

1. Evaluate the removal characteristics of the redesigned outer tip.
2. Determine wall thickness and stagnation pressure conditions at
the time of removal of the redesigned primary tip.
. Expose the subtip to rcentry thermal stress conditions.
4. Evaluate the performance of the acoustic recession sensor on

ST IR Reeny gty 01

tungsten.
2.2 APPARATUS
2.2.1 Test Facility Description

The ABRES RPL Reentry Nosctip Test Facility is rocket engine test stand 1-52-C with
a hot gas combustion chamber and a remotely controlled model insertion mechanism. The high
enthalpy gas generator is a 50, 000-pound thrust equivalent liquid rocket engine. Liquid oxygen and
benzonitrile (CgligCN) propellants are burned in a combustor at 3000 psia chamber pressure at an
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oxidizer-to-fuel minture ratio (O/F) of 2.50, Both mixture ratio and chamber pressure are closed-
loop controlled to maintain the desired environment. In addition, the chamber pressure can be varied
during a run from 500 to 3000 psia according to a predetermined program.

The insertion mechanism consists of a rotating radial arm mounted on a carriage that
can be moved both axially and radially. The test item may be swept in and out of the flowfield at
preprogrammed rates.  Although the engine can be started and stopped with the model/holder cither
in or out of the stream, the A.N. T./ERN tests were performed with the model rotatec into place at
the 'vernier' or 500 psi chamber pressure level. Additional details of the facility capability and
instrumentation are given in Reference 4.

The combustion flame temperature variation with propellant mixture ratio predicted by
the ODE (One-Dimensional Equilibrium) chemistry program (Reference 5) is shown in Figure 1.
The present test point at a mixture ratio of 2,50 is an oxygen- rich environment. A summary of the
ideal theoretical performance for the 100-atmosphere and the 50-atmosphere nozzle configurations,
calculated by the ODE code, is given in Table 1. The nozzle contour data were extracted {rom
Reference 6 and used in the calculations.

CHAMBER PRESSURE = 3000 PSIG

7500}
~O/F = 2,18 (STOICHIOMEIRIC)
T = 7305 *R

2’5

~OfF = 2.50 E

T = 7185 °R &

- A.NLT.AARN
Q. 1 1EST POINT %
w -
w E
8 )
- 2
P 70008 >
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W E
REFERENCE ENTHALPIES ¥
o, (ox) @ s0°*X AHy = - 3,102 Keol/imole ge
° . I
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T . ° 4
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MIXTURE RATIO, O/F tg
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Figure 1. Combustion flame temperature variation with O/F g
mixture ratio, AFRPL/ABRES 1-52-C rocket motor. §§
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Table 1. AFRPL nosectip test facility cell 1-52-C
cnvironment* ideal theoretical performance.

PROPELLAXNT LOX/BZN | LOX/BZXN
MIXTURE RATIO, O/F 2.50 2.50
NOSETIP STAGNATION PRESSURE, (ATM) 100 50
NOZZLE AREA RATIO 2.76¢* 6.00°°
NOZZLE EXIT MACH NUMBER 2.26 2.76
NOZZLE STATIC TEMPERATURE, (OR) 5797 5333
NOZZLE STATIC PRESSURE (PSY) 36367 12077
NOZZLE STAGNATION TEMPERATURE (OR) 7165 7165
NOZZLE GAS MOLECULAR WEIGHT 31.95 32.76
NOZZLE GAS STAGNATION ENTHALPY (BTU/LB) 53.3 53.3
NOZZLE GAS DENSITY (I.Bm/}'ts) 0.1297 0.05i14
NOZZLE EXIT VELOCITY (¥T/5EQC 7161 §302
NOZZLE EXIT DIAMETER (IN)) S5.80 S. 66
GAMMA,Y (CHAMBER) 1.13 1. 13
CHAMBER PRESSURE  (I'SIG) 3000 3000
TOTAL DRIVING ENTHALPY, AL (BTU,/ 1.1 3906 RETEH

*ODE COMPUTER CODE (REFERENCE J5) FQUILIBRIUM
$*CALCULATED FROM NOZZLE CONTUUR DATA PROVIDED IN REFFRENCE 6

The present test point, O/F 2,80, for benzonitrile (BZN) and liquid oxygen (LOX) was
characterized completely and a full Mollier description of the environment as a function of enthalpy
and pressure was generated for use in the PRDA NOHARE and NOSEC computer programs (Reference 7)
from modificd ODE computations. Carbon and tungsten wall materials in the same environment also
were characterized, and tables were generated of gas-wall enthalpy and ablation potential (B-value)
as functions of temperature and pressure.  The universally accepted JANAY reference state of 208K
(53G°R) was used throughout the calculations. These tabulated data were presented in Reference 3.

2.2.2 Calibration Models

Since the BZN/LOX propellant system had not been used for any test program prior to
the present test series, calibration data did not exist. Hence, a series of pressure and heat flux
calibration models were used to characterize the exhaust environment at chamber pressures of 500,
1500 and 3000 psia for the 50- and 100-atmosphere nozzle configurations. The RPIL facility provided
all calibration models except for a special biconic model supplied by PDA.  The RPL models all
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were spherc-cone copper models with cone half-angles of 7.0 degrees and nose radii of 0.5, 1.0,
and 2.0 inches using Acrotherm null-point calorimeters. The special PDA biconic heat flux calibra-
tion model had the same external configuration as the sharp primary nosetip model (described later).
The calibrations at the various chamber pressure levels were necessitated by the requirement for
model insertion prior to steady-state operation to: 1) simulate high altitude preheat effects on the
primary nosctip, and 2) avoid high model side loads encountered at the higher chamber pressures.

A surface pressure calibration model with a nhose radius of 1.0 inch and a cone half-angle
of 7.0 degrees was tested to confirm analytical prediction techniques. The calibration models with
catorimeter locations indicated are shown in Figures 2 through 5. Table 2 summarizes, for each
model, the axial locations of the sensors measured from model stagnation point.

:
|

mr ‘
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/>\

40° 2 1/2°
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i
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5 NEAR SIDE. ! ) ) 6.00 DIA
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H
= 12,00 —— - —
® NULL-POINT CALORIMETER i

Figure 2. RPL 0.50-inch nose radius calorimeter model.
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Figurc 3. RPL 1.00-inch nose radius calorimeter model.
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Figure 4. RPL 2.00-inch nose radius calorimeter model.
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Figure 5. PDA sharp biconic calerimeter model.
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Table 2. Calorimeter location summary.
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2.2.3 Graphite Ablation Models

Three ablation reference models wore fabricated and tested by PDA.  The results were
correlated wath analyvtical results from the PDA NOHARE XOSEC compater programs. Two sharp
models and one blunt model. ecach identical in exterior profile to the respective shell remoxal
models, were tested to define the ablation respease of graphite in the BZN 19X propellant <ystem.
Accurate characterization of the ablation rates was critical because of the necessity to predict tam-
through times accurately for the shell removal madels. The ablated shape was of as much interest
as the overall stagnation point or sidewall recession, since proper thickness contouring was neces-
sary to assure initial burn-through at the stagnation peint location.

Each model had a 994-2 graphite plug nesetip held in 2 steel stbstrocture insulated with
carbon phenolic and silica phenolic. The external profiles were identical to the shell removal medels
discussed in Section 2.2.4. The sharp graphite ablation model is shown in Figme 6. A second sharp
model was required because the first model was subjected to an off-nominal mixture ratio of 4.1
because of a propellant system valve failure. The resultant high recession rate was not character-
istic of recession at the design mixture ratio of 2.»: hence. the second mode! was fabricated and
tested.

2.2.3 Shell Removal Models

The A.X.T. "ERXN RPL test models were fell-scale models of the proposed flight designs
with a modification to the primary nosectip configuration intended to inhibit thermestructural failare
due to the sudden high heat flux encountered during insertion of the cold nasetip into the exhanst ffow.
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The modification consisted of removing inaterial on the spherical nosecap to reduce the wall thickness
at the sonic region. The resultant biconic shape reducced the thermal gradient and, therefore, the
probability of thermostructural failure prior to burn-through-induced removal. Two test model con-
figurations, representing the "sharp' and "blunt" flight models, were tested. The sharp and blunt
configurations are shown schematically in Figures 7 and 8, respectively.

9,392 5,925
DIXIE CUP CARBON PHENOLIC ';‘
& h % " -
ar CONSTANT - —. 4
L350 CONSTANT / 4

. 980 DIA

3.325 DIA

994 GRAPHITE TAPE-WRAPPED SILICA PHENOLIC

EXISTING A.N.T./RPL ADAPTER

Figure 6. Sharp graphite ablation model.
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Figure 7. A.N.T. sharp test configuration.
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Figure 8. A.N.T. blunt test configuration.

The sharp model consisted of a 994-2 graphite primary tip with n 0.40-inch nose radius,
26-degreo (half-cone) initial conic soction, followed by a G.0-degree cone. Tho stagnation point
thickness was nominally 0,30 inch (versus 0.41 inch for tho flight design). Tho forward portion of
tho shell was in intimate contact with a thin insulating pyrolytic graphito cap which was supported by
an ATJ-S graphite cructform block which, in turn, transmitted the loads through a graphite bearing
cap to the tungsten subtip. Grafoil insulation was usod between the 994 shell and the ATJ-S cruci-
form on the sidewall. The blunt primary tip had a 0. 60-inch nose radius with 40-degree initial
conic scction faired to a €.0-dogree cono. The stagnation point wall thickness was 0. 25 inch (versus
0. 31 inch for tho flight design), and tho sidownll thickness wns 0. 15 inch. Tho load path and insu-
lation woro the same as for the sharp doaign.

The sharp tungsten subtip consistod of n 0. 75-inch nose radius with a 6. 69-degree cone
and 5.0 inch overhang. The blunt subtip had a 1.0-inch noso radius with an 8. 42-degreo cone and
4.0 inch overhang. Both subtips included a 0.05-inch thick flamoe-sprayod coating of molybdenum
as an overlay. An exploded view of the primary nosctip components is shown in Figure 9.

2.2.5 Subtip Thormostructural Models

Tho subtip thermostructural test modols wore osscntially idontical to the subtip models
in tho sholl romoval configurations oxcept for the following componcnt dolotions:

1. Primary tip and supports,
2. forward skirt, and
3. subtip overlay.

The blunt tungston subtip model (Figure 10) was installod with a 0. 16-inch thick toflon glove to delay
subtip exposure until stoady-stato oporation was nchioved in tho motor. The model was placed into
tho rocket oxhaust at low pressuro to precludoe losing tho subtip duo to ontry sido loads, Upon
romoval of the teflon glove, tho bare tungsteon subtip would oxperionce mintmum thormoatructural
margin-of-safoty (i.0., poak thormal gradient).
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Figure 9. A.N.T./ERN primary nosetip concept.
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The sharp tungsten subtip model had an additional modification, consisting of a special
teflon primary nosetip, as shown in Figure 11. The teflon nosui » was evaluated as a possible alter-
nate primary tip for flight in place of the 994 graphite shell confizuration. The actual teflon nosetip
used in the RPL ground test extonded to the subtip overhang shoulder.

TEFLON PRIMARY MONOLITHIC TUNGSTEN l!-<l
SUBTIP

AL s

] W\—.i

RESONANCE WAVE
ACOUSTIC SENSOR
=STRAIN CAGE
LOCATION

# PLACES)

SECTION A-A SECTION B-B

Figure 11, Sharp subtip configuration with teflon primary nosctip.

2.2.6 Instrumentation

Each A.N.T./ERN model was instrumented with Chromel-Alumel and tungsten-rhenium
thermocouples, an Endeveo Model 2292 shock accelerometer, and a K West acoustic recession gage.
Table 3 gives the dctailed description of the locations and types of thermocouples used on each
design. Note that the thermocouples under the primary tip and the forward skirt were deleted on
the subtip thermostructural test models.

Each A.N.T./ERN model was instrumented with an acoustic subtip recession gage pro-
vided and installed by K West under subcontract to PDA. The specific sensor type for cach model is
given in Table 4. Three of the models used the pulse/ccho type of acoustic recession sensor that
had been selected for use on the flight nosetip units (Reference 2). However, since recent ground
and flight test results had fndicated a low probability of success for this sensor, additional work was
being performed te develop a new type of acoustic sensor that measured the length-dependent reso-
nant {requency in the nosetip (Section 6.1). The fourth test model contained one of these resonance
wave acoustic recession sensors.

Six pyrometers were used to measure the external surface temperatures of the models,
and high speed motion picture coverage was provided by eight motion picture cameras.
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Table 3. Summary of nosetip thermocouple functions.

POSITION** (INCH)
THERMOCOUPLL® SUARD BLUNT
NUMBER TYPE ANLAL RADIAL AXLAL RADLAL I'UNCTION
4
Al 0.032 Steel-Sheathed 9.67 0.00 13.23 0.00 Primary tip removal,
Cr/Al stagnation point
(A2, B2) 0. 032 Steel-Sheathed 9.88 0.55 13.50 0.70 Primary tip removal,
Cr/Al sidewall
(A3, BJ) 0.032 Steel-Sheathed 11.70 0.90 15.22 1.15 Forward heatshield
Cr/Al stripback
—E‘ (A1, Bi) 0.9032 Steel-Sheathed 12.97 1.06 16.12 1.29 Forward heatshield
g Cr/Al stripback
Q
vy
2 (AS, B5) 0,032 Steel-Sheathed 14,22 1.20 17.02 1. 13 Forward heatshield
& Cr/al stripbach
(53
0
$ AG, B6 0.032 Steel-Sheathed 14.90 0.91 17. 60 1.04 Subtip temperature
Cr/At
AT 0.010 Tantalum- 15.82 0.72 18.52 0.54 Tantalum holder tempera~
Sheathed W/W-26Re ture (ngh temperatute
B7 0.032 Steel-Sheathed 15,82 0.72 18.52 0.84 measurement)
Cr/Al
A8, BS 0.032 Steel-Sheathed 16.77 0.89 18.52 0.97 Erosion guard
Cr/Al performance
‘ A L L L T L T Lor LT pupuys iy B B e L o R N el Ll L T Fpe SRy
1 A9 28 Gage Glass-Wrapped 18.48 1.27 19.76 1.30 Aft heatshicld stripback
.‘E’. Cr/;\l
L2
Tg Al0 28 Gage Glass-Wrapped 19.38 1.55 20.63 1.60 Aft heatshield stripbach
2 Cr/Al
&
< All, B11 28 Gage Glass-Wrapped 20,28 1.50 21.60 1.90 Aft heatshield stripback
l Cr/Al
...................................................... [SONPVI HYIVIIRIPIION S, _--___-_____-_____________--_1
Al2 0. 032 Steel-Sheathed 16. 34 0.35 19.00 0.35 Acoustic transducer,
Cr/al subtip backface
P e B [ SRR [ (SPUSIIS S S DI
Z’ Cl, D1 0.010 Tantalum- 16.65 1.60 19.66 1.85 Heatshield in-depth
:‘5 Sheathed W/\W-26RRe temperature
4
O
= cz, D2 0.010 Tantalum- 16.25 1.10 19.14 1.59 Heatshield in-depth
] Sheathed W/W-26Re temperature
Q
a
.'S C3, D3 0.020 Steel-Sheathed 15.35 1.20 13.62 1.33 Heatshield in-depth
+ Cr/Al temperature

*  Thermocouples A

are at 1'.’00, B at 3000. C at 300, and D at 210o (vehicle azimuth angles).  Thermocouples in parentheses

not installed on thermostructural test models.

** Anial position measured from theoretical vehicle apex.
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Table 4. Acoustic sensor summary. ‘

PRI

RPL TEST PDA SUBTIP ]
NUMBER DATE MODLL ACOUSTIC SENSOR MODEL AND TYPE :
165 7-2-75 BT-3 309-35 SN2 Shear Wave 3
169 7-17-75 BD-t 309-33 SN2 Compression (1.5 miz) !
186 10-21-75 BK-+4 309-32 SN3 Shear Wave
159 11-14-75 BM-1 310-R Resonance 3
i -3
2.3 TEST METHOD

A S L A L s 2

3

i Four A.N.T./ERN models and two graphite ablation models were tested, as summarized
§ in Table 5. Each test model was mounted on the centerline of the rocket exhaust and mated to the
RPL movable sting system using a common adapter provided by PDA. Each test was started with

the model positioned 0.25 inch aft of the nozzle exit plane. Figures 7 and 8 show the relationship of
the model to the Mach cone intersection and the nozzle exit plane for the sharp and blunt primary
nosetip configurations, respectively, in the 100-atmosphere nozzle. The test continued with models
in this position until burn-through or removal of the primary tip (if present) occurred, at which

time the sting was moved forward to position the subtip 0.25 inch aft of the nozzle exit plane. Axial
forward motion was 3.25 inches and 2. 55 inches for the sharp and blunt nosetip models, respectively.

YR

wl e, T AL et

,._._w-..~
oA D 2, A AR B A

The forward motion was actuated by the RPL test conductor upon visual observation of
the primary nosctip removal via remote color television. Visual observation was found to be a more
rchiable indication of removal than surface temperature changes monitored by the pyrometers because
intermittent unburned fuel clouds (from excess fuel sprayed on the chamber walls for cooling) tended
iB to mask the surface of the model.

Because of the excessively high bending loads which would result from model insertion
into the flow at full stagnation pressure, it was necessary to insert the models at a reduced, or
"vernier' level, operating condition which produced a stagnation pressure on the order of 12 to 13
atmospheres. The graphite primary nosetip models were protected by a polyethylene bag from the .
nozzle wall coolant flow during insertion. The tungsten subtip models had teflon covers to heep the .
tungsten from being exposed until steady-state, high pressure operating conditions were achieved.
The teflon glove on the sharp subtip model was of a full-scale primary tip configuration (Figure 10).

The primary nosctip removal tests not only required insertion of the models at the vernier
(500 psia chamber pressure) level, but, in addition, an extended preheat time was required at this
lIevel to alleviate the thermal gradient that would be induced at the higher pressure conditions. The
precheat allowed for some bulk temperature rise to occur before ramping up to the high pressures
and, thus, relieved the thermal shock response and inhibited thermostructural failure.
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2.4 CALIBRATION RESULTS
2.4.1 Heat Flux and Pressure

A series of ten heat flux calibration runs and one pressure calibration run were made in
the RPL 109-atmosphere and 50-atmosphere nozzles at chamber pressures of 500, 1500, and 3000
psia. The principal objective of the calibration runs was to correlate the measured and theoretical
surface heat transfer distributions to provide a basis for accurate predictions of the ablation and
thermostructural response histories of the A. N, T./ERN flight nosetip models.

All heating analyses were performed with the NOHARE code (Reference 7) and accounted
for actual motor performance losses. Measurements by facility personnel (Reference 8) indicated
that the performance (C*) efficiency was approximately 97 percent at the design operating condition
of 3000 psia chamber pressure and propellant mixture ratio of 2,80, However, at the 500 psia
vernier condition used for model preheat, the measured C* efficiency was only 90 percent.

Several possibilities were considered to account for the reduced effictency at the low
pressure condition. These included: 1) chemicnl kinetics, 2) boundary layer losses, 3) nozzle
divergence losses, 1) mixture ratio maldistribution, and 5) energy rclease losses. A series of cal-
culations and nozzle design evaluations were performed (Reference 3) to select the probable source(s)
of the performance losses and to define the proper method for describing the exhaust flow conditions.
The results of this study indicated that the first three possibilities would not be significant for this
nozzle/propellant system. Thus, the most likely sources of the measured performance losses are
some combination of incomplete energy release and mixture ratio maldistribution.

The energy release (i.e., combustion) process in a liquid propellant system involves a
complex combination of thermodynamic, fluid dynamic, and chemical processes. A review of the
analytical capabilities for describing these processes was performed by the Interagency Chemical
Rocket Propulsion Group (ICRPG) for JANAF (Reference 9). This review concluded that the energy
release phenomena cannot be described adequately by current analytical techniques. As a result of
this conclusion, the ICRPG committee adopted an empirical technique, known as the energy release
model (Reference 10), as an interim procedure for predicting energy release inefficiencies. Basi-
cally, this procedure models incomplete energy release analytically by reducing the total energy
of the system available in the expansion by the use of effective propellant heats of formation that
have been artificially lowered from their standard JANAF values. Prior to expansion, 100 percent
of the propellant is presumed to be in thermodynamic equilibrium at the reduced enthalpy ievel.
The chemical and fluid dynamic calculations for the expanding combustion products are then made
in their usual mamer, and the caleulated performance is reduced beeause of the lower energy avail-
able to the expansion process. The procedure is repeated iteratively until agreement is obtained
with the measured C* value. It should be noted that, with this technique, all performance losses

are attributed to a loss in cnergy release.

An alternate method of accounting for the ltowered C* efficiency is to assume that the
entire performance loss is caused by incomplete fuel vaporization (IFV model). The basis for the
IFV model is the assumption that propellant vaporization is the rate controlling combustion process
(Reference 11).  The most important physical parameter in the vaporization process is the heat of
vaporization. Thus, a propellant such as BZN, which has a high heat of vaporization, will require
a relatively long combustion chamber to achieve complete vaporization. Furthermore, since the
vaporization rate is pressure-sensitive, an engine operating at pressure levels substantially lower
than the design values may exhibit reduced performance. The IFV model assumes that the
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unvaporized fuel is inert, has no effect on performance, occupies no volume, and does not contribute
to the chamber pressure. No other sources of performance losses are considered. This model pro-
vides a worst-case estimate of exhaust conditions in the sense that incomplete vaporization of the fuel
will result in the presence of higher mole fractions of chemical species that are capable of oxidizing
or reducing carbon (e.g., Og, O, Ol, and H20),

.
AR P e e T e

Nozzle heating and thermal response calculations were performed (Reference 3) using
exhaust flow properties computed with the assumptions of ideal flow, the energy release model (ERM),
and the IFV model. Stagnation point heating and recession rate histories were computed for carbon
models with initial nose radii of 0.1, 0.2, and 0.4 inch for chamber pressures of 500 and 600 psia.

) The results, summarized in Table 6, show that increasing the chamber pressure over this range has
small effect on all parameters. Similarly, very little effect was produced by the change in nose radius
from 0.1 inch to 0. inch. However, there were significant differences between the results predicted
with the three flow models. The energy release model calculations show a small (2 - 1 percent)
decrease in surface recession rate relative to the ideal flow case, while the IFV model prediets a

15 percent increase in surface recession rate. ‘The enthalpy driving potential and the surface tem-
perature predicted with the energy release model are lower by about 27 percent and 35 percent,
respectively, than in the ideal case. The IFV model causes a 11 percent reduction in the enthalpy
difference and a 1 percent increase in surface temperature relative to the ideal caleulations.

popAibicrstnriogyasatmen pwing

o B IR 2 R 0 b K 47 18 om0 s

Preliminary correlations of the calorimeter model heat flux data (presented below) indi-
cated befter agrcement with the energy release model. The actual flow conditions probably are
represented by some combination of the energy release and IFV models. However, in the absence
of any additional data with which to correlate the analytical predictions, ke energy release model
was selected for use in all of the data correlations and nosetip resporse prediciions involving the
vernier preheat condition.

The calibration tests performed during this test serjes are swamar-_ed in Table 7. The
locations at which the Mach lines impinged on the calorimeter modcls arc showt: schematically in
Figure 12 for the various combinations of nozzle and model configurations. The Mach line angle @)
was computed from the expression

where M, is the theoretical exit piane Mach number. The impingement location defines the point
aft of which the heating is less well-defined, since it is outside the test rhombus, or region of con-
stant freestream properties. The calorimeters aft of the impingement point were of special interest
since they would define this environment.

Figures 13 through 1 present the calorimeter data superimposed oun the best NOHARE
computer program predictions, which accounted for the actual C- efficiencies measured during the
tests, as discussed above. The calorimeter data aft of the Mach cone impingement locations were
corr elated initially by Acrotherm (Reference 12) by plotting the normalized heat flux quantity,
Q/Q“L . versus the axial distance from the Mach line impingement point. The Aerotherm corre-
lation, however, showed more data points than were available from the A. N. T. /ERN test scries,

*Q is the predicted heat flux at the Mach line intersection on the model (see Figure 13).
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Table 7. A.N.T./RPL calibration test summary.

A B S P IR Y

|

CHAMBER PRESSURE, PSI 3000 1500 500
MODEL STAGNATION PRESSURE, ATM 100 50 50 17
NOZZLE DIAMETER, IN 5.8 8.6 5.8 5.8
NOSE RADIUS, IN {a) RPL TEST NUMBER
0.50 #158 #180,#183 -— #182
1.0 $157, 168 | £179 #157 —
#163 (b)
2.0 #171 -~ ~-= -—-
0. 40, 26° BICONIC — -— - #178.2
NOTES: (a) Heat flux distribution calibration unless otherwise noted
(b) Pressur: distribution calibration
TIP RADIUS| NOZZLE |*IMPINGEMENT PT.
—,_ == MODEL 5" AG. PT. POSITION an.) un.)
0.50 50 AT 7.30
11 0.50 100 ATM 3.75
4 O=sin 5 =220 1.00 50 ATM 6.45
) 1.00 100 ATM 3.05
M 4 py. O =7° CONE ANGLE 2.00 50 ATM 475
Q 2.00 100 ATM 1.60

DISTANCE FROM CENTERLINE (INCHES)

TN e

AXIAL DISTANCE FROM NOZZLE

S\ N\ )

3 4 5 ] 7

EXIT PLANE (NCHES)

Figure 12. Mach line impingement locations on calorimete: models.

® MEASURED FROM MODEL STAGNATION POINT
ASSUMING 0.25-NCH POSITION
AFT CF EXIT PLANE
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HEAT FLUXA (EHU/“2 - SLQ)

HLAT FLUX (BIUA 12 - 5EC)

12,000}

O TEST 157 DATA
A TEST 163 DATA

— NOHARE PREDICTION

r— MACH LINE INTERSECTION

\\
\\@.____

20,000

15,000

12,000

s.000)-

00 1.00 2.00 3.00 4.00 5.00 6.00 7.0 5.00 .00
AXIAL DISTANCE (INCHES)

Figure 13. NOHARE/RPL heat flux correlation,
R\-, = 0.50, Pq =100 ATM, Pc = 3000.
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- MACH LINE INTERSECTION

oo
o0

9.0

w
. .
5]

1.00 2. 3.08 1.0 5.0 3.00 7.00

AXJAL DISTANCE (iNCHESH

Figure 11. NOHARE/RPL heat flux correlation,
R\: = 1.0, P_ = 100 ATM, l’c = 3000.
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Figure 15. NOHARE/RPL heat flux corrclation,
R, =1.0, Ps =50 ATM, p = 1500.
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Y
320¢ @ ~AVIzAGE OF DaTA POINTS

2200 — NOHAZE FZDICTION
— AoACH LINT INTIESICUION

HEAT FLUX (BTUA 17 - $LC)

0.co 1.0 2.0 3.0 L@ 5.0 3.3 7.00 320 .

AX1AL DISTANATE gaecHs

Figurc 17. NOHARE/RPL heat flux correlation,
R\, = 0.59, Pq = 17 ATAL, PC = 509.

O =5 1732 0%3a

NO= 38

FDICRON

HEAT FLUX GIUA 1Y - $LG)

Figure 15. NOHARE/PDA biconic modei heat fixx correlation,

R_=0.30, P T~ ITATM, P =300,
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‘ and the 2. 0-inch nose radius calorimeter data were not included in the correlation. Figure 19 shows
l all the available data acquired from the heat flux calibration models. The conclusion that the heat

§ flux decreases linearly to one~fourth the value at the impingement point at an axial distance 3.0

i inches aft of the impingement point is valid except for the 2.0 inch calorimeter model results. Three
i of the data points on this model indicated laminar flow values, and this was confirmed by subsequent

; analysis. The blunt 2. 0-inch 1adius calorimeter model thus experienced asymmetric heating. This

i 1imearly decreasing heat flux was incorporated into all analyses performed after October 15, 1975.

; Irior to this date the heat flux was reduced to one-fourth the value at the impingement location at a

! distance 0. 50 inch aft. The correlation of NOHARE prediction to the data for the pressure calibra-

‘% tion is shown in Figure 20.

!
!
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RPL [ .
SYM o o PATM) R (IN) P (psig)
5] 158 100 0.5 3000
2 4.0 o 157 100 1.0 3000
1 05 ) ) 1”7 100 2.0 3000
<\ n 157 50 1.0 1500
= 2 A 168 100 1.0 3000
i 4+ A-50/NO 100 1.0 3000
L o 0.8l e 2%
< . v (VERNIER) 17 0.50 500
t3 o
z =
R o
R =
Z < 0.8}
'E <
& a
5 >
i 3 AENOTHERM CORRELATION
i T 0.4
: -
z <
w
> @ (LAMINAR)
(o)
2 0.2} ~
5
g .(LAMINAR)
9 0 | ) )
< 0 1.0 2.0 3.0

AXIAL DISTANCE FROM MACH LINE IMPINGEMENT OF MODEL (INCHES)

Figure 19. Heat transfer correlation outside model test rhombus.
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2.4.2 Graphite Ablation Results

Three 994 graphite ablation models were fabricated and tested by PDA during the Design
Verification Test Series of the A.N. T. program (Reference 2). The primary objective of the graphite
ablation tests was to calibrate the graphite recession in the BZN/LOX propellant system which pre-
viously had not been used at AFRPL. The nature of the A. N, T./ERN nosetip design required accu-
rate characterization of the graphite shell recession to assess the overall removal mechanics of the
design. Specifically, burn-through location (desired at the shell stagnation point) and burn-through
time were critical parameters in assessing the removal characteristics of the shell and in facilitating

SenbeRass iRl e

pretest planning and analyses.
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?
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Two models were planned originally, but a third model was needed when the first sharp
model was exposed to an abnormal mixture ratio condition. The graphite recessior results are sum-
marized in Table 8. Comparisons of the NOHARE computer code predictions with the measured
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Figure 20. NOHARE/RPL pressure calibration correlation,
Table 8. Summary of graphite ablation calibrations.
PEST MODEL :XPOSURE $ S -8 IMARKS
1\,*01 MODEL “‘,‘r;\‘lgm ASypasuren | AScarcuraten® | SScarc. “Syeas. REMARKS
NO. ) =7 DEG -
6, = 7DEG (SEC) ™ (IN) B\ 1pas.
i , (3 @ A .
160 RPL BLUNT 6.1 0.94 1.00 0.061 RPL ATJ Giraphite
= 1.60 Model
(Sphere-Cone)
161 A.N.T. BLUNT 3.07 0.48 0.55 0.15 Model Broke Off
(40 Deg Biconic) C‘ At 2.0 Sec
164 A.N.T. SHARP 2,46 0.46 0.53 0.138 Retest
(26 Deg Biconic)
Notes: 1. Using Heat Flux Callbration Data for 0.5

183

W

R,, Model; VY= 1,13
N

. Preliminary Heating Data Used with an Estimated Value for ¥ of 1.2

. Mudel Supplied and Tested by AFRP!
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data from the two valid graphite ablation tests are shown in Figures 21 and 22 for the blunt and sharp
models, respectively. These predictions incorporated the latest refinements based on the calibration
results of Section 2.4.1 and the code refinements incorporated after the blunt A. N.'I'. ‘ERN shell
removal test (Section 2, 5).
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Figure 21, Blunt graphite ablation model correlation.
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Iigure 22, Sharp graphite ablation model correlation.
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The NOHARL correlations for hoth graphite ablation model tests wore good, The com
puter code tended to overpredict the recession by 15 10 18 pereent (see Table ), which was consery
Mive. Pre-~test and post-test photographs of the sharp and blunt models are shown in Pigures 23
through 25, T'he blunt model showed an area ot apparently higher recession on the 270 degrees side
of the model (isible on the left side of the O-degree view),  This anomaly was atteibuted to a thermo
structur al tailur e ot the graphite from improper support (Reference 13).  The tailure precipitated a
loss ot material that accounted for the asymmetric shape,  This support problem was corrected for
the second sharp model. Eacept for this problem, the ablated profiles showed good agreement with

theory.

PIDA, .

bk ae Ko T W

ANT/RPL
MODEL 40921
SHARP

ANT/RPL
MODEL 40922
BLUNT

Figure 23, Pre test photographs of sharp and bhunt graphite ablation models.
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Figure 24.

Post-test photographs of sharp graphite ablation model.
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The second sharp model test produced an excellent axisymmetric specimen with a stable
equilibrium profile and excellent agreement with predicted recession rates and profiles. The test
confirmed recession rates and probable equilibrium shapes, which enabled final contouring of the
shell removal model internal and external shape and thickness configurations.

2.5 RESULTS OF MODEL TESTS

Two graphite shell removal tests and two tungsten subtip thermostructural tests were
completed during the Final Design Verification Test Series from July through November 1975.
Table 9 summarizes the principal test results, including shell or glove removal time, subtip expo-
sure time, and total recession. Table 10 gives the times of each major event and the respective
chamber pressure at that time. All times were taken from the high speed digital data or measured
from analysis of the high spced films. The chamber pressure profiles for each test are shovn in
Figures 26 through 29. The events summarized in Tables 9 and 10 are also shown on these figures.
From the pressure calibration data and the theoretical calculations, the steady-state values of stag-
nation pressure actually were 103 and 53 atmospheres for the 100" atmosphere and the '"50"" atmo-
sphere nozzles, respectively, at a steady-state chamber pressure of 3000 psig.

Table 9. A.N.T./RPL design verification test summary.

PDA MODEL NUMBER BT-3 BD-1 BK-4 BM-4
MODEL DESCRIPTION BLUNT FULL-SCALE |FULL-SCALE| SHARP
SUBTIP (PRESHAVED) |(PRESHAVED)| SUBTIP
BLUNT SHARP
ANT/ERN ANT/ERN
NOSETIP NOSETIP
RPL TEST NO. 165 169 186 189
TEST DATE 7-2-75 7-17-75 10-21-75 11-14-75

STEADY STATE

: 9 :
STAGNATION PRESSURE (ATM) 103 0 103 53
TOTAL TIME IN JET (SEC) 4,49 6.37 8. 46 9.78
TIME OF SHELL
) ) 3.85 2,2

OR GLOVE REMOVAL (SEC) 0. 66 0.99 85 !
TOTAIL TIME OF -

a. 4.61 7.5.
TUNGSTEN EXPOSURE (SEC) 83 5.39 S
TOTAL TUNGSTEN RECESSION (IN)|  1.00 1.34 2.0 1. 50

:‘TEFLON GLOVE INSTALLED ON SUBTIP UNITS BT-3 AND BM-4
50 ATMOSPHERE NOZZLE
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Table 10, s .N.T./RPL design verification test events. * ;fg
i;z
RPL TEST NUMBER 165 169 186 189 Z
PDA MODEL NUMBER BT-3 BD-4 BK-1 B~ ::gé
&
=
Model Enters Jet (See) 12,87 7.536 6,485 6,722 ' ‘gf!
Chamber Pressure (PSIG) 1566 6 465 540 é
Model on ¢ (Sec) 13.00 7.942 6. 800 6.875 ‘3
Chamber Pressure (PSIG) 1680 504 596 575 f;é;
Shell or Glove Removed (Scc) 13.53 8,528 10,333 9.01 “%
Chamber Pressure (PSIG) 2750 1491 2021 2850 é
Subtip Moves Forward (Sec) Model in !
Chamber Pressure (PSIG) position at 2590 2750 2974
Subtip in Forward Position (Sec) {nsertion 10,757 | 11.324 10. 883
Chamber Pressure (PSIG) 2570 2796 2994
Subtlp Fragmentation Time (Sec) None 13.37 13.55-13.63 15.42~16.03
Chamber Pressure (PSIG) 2595 2993 2959-2951
Subtip Moves Back (Sec) 17.28 13.320 14.246 16,413
Chamber Pressure (PSIG) 2792 2600 2997 2959
Subtip Leaves Jet (Sec) 17.36 13.906 14.945 17,086
Chamber Pressure (PSIG) 242 436 258 350
*Time in Seconds from Facility Fire Signal

3200

26800

2400}

PC2 (PSIG)
g g

Y]
8

"

GLOVE OFF —

AODEL ENTZPS JET
MODEL ONG
]

8 10
THAE (SEC)

Figure 26. Chamber pressure history — RPI. Test 165 (blunt subtip).
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Figure 27. Chamber pressure history — RPL Test 169 (blunt removal test).
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Figure 29. Chamber pressure history — RPL Test 189 (sharp subtip test).

2.5.1 Test 165, Model BT-3, Blunt Subtip

This blunt thermostructural subtip model was tested without the molybdenum overlay and
without the forward heatshield skirt. A teflon cover was used to delay exposurc of the model until
steady-state motor conditions were achicved. Figure 30 shows the pre-test photograph of the model.
The model entered the exhaust jet 12.57 scconds after fire signal. The teflon glove was removed
9.6 second later at 13.53 seconds from fire signal. A review of the test films indicated melting
over the spherical portion of the model with rivulets of molten tui.gsten flowing off the nosecap along
the sidewall and onto the heatshield. Roughened, longitudinal groove -like patterns were formed on
the sidewall, possibly formed from vortex shedding of flow from the rivulets of molten tungsten at
the model shoulder or, alternatively, from the flow of molten tungsten over the softened tungsten.
Additionally, crosshatching was evident over the sidewall areas with regions of fully developed scal-
lop patterns. No fragmeatation or loss of tungsten was observed during the test, although the model
was found to be cracked upon post-test inspection. Later analysis, discussed in Section 2.6.2, sub-
stantiated that internal cracking probably occurred during the test. The test model showed an appear-
ance of asymmetric {low in both the stagnation region and the sidewall. The 0- to 90-degree region
(looking into the nozzle) of the subtip indicated a region of high heating, possibly the boundary layer
transition location aft of the tangent point. The stagnation region assumed a blunter profile for this
region. The other rays tended to show a high probability of transition on the shoulder or sonic
region because of the sharper equilibrium prefile. These rays did not show a pronounced increase
in heating and recession on the sidewall.

Cracks werc visible upon post-test inspection on the RPL sting. The cracks appeared
much as indicated in the photographs in Figure 31. Note the segmented nature of the cracks. The
shear wave acoustic sensor failed to function and no recession data were acquired.
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20,2 Teut 169, Modol BD-4, Blunt A, N’ /ERN Tip

The blunt shell removal model was tested with the full-speale shell confipuration, forward
shirt, and overlay components Intact, The shell differed from the flght destgn only in that the shell
witk preshaved to a biconfe shape to roduce the thickness (n the sonde reglon and thereby tower the
probabllity of thormostructural faflure, Figure 32 shows i pre-test photograph of this blunt shell
removil madel,

Flgure 32, Pre-test photogreaph of blunt shell removal model BD-4,

The primary nosetip entered the oxhaust at 7. 686 scconds after the fre sfgnal, AL s, 2
to 8,26 neconds, high speed motlon pieture coverage indicated particle fmpacts on the shell, The
shell was observed to erack at 8,623 seconds,  Pyrometer and thermocouple data indicated the shetl
was completely removed by 8,528 seconds,  The sublip moved forward at 10,272 seconds and was
determined to be full-forwaed at 10, 767 secotds,  The model started back at 13, 320 seconds and
rotated out of the exhaust at 13, 906 seconds.  Review of the motion pletures indieated tungsten subtip
fatlure approxtmately 0,25 second bofore shutdown, or 13, 37 seconds.  The best evidenee of this
appeared on the facllity cameras which captured the trajectory of three segmoents that were ejocted
from the maodel,  The toss of subtip material was from the thied quadrant; £, e, from 180 to 270
deprees (looking (nto the nozzley,  The photographs n Plgure 38 clearly show the extent and location
of the loss,

The post-test photographs of this model (Flgure 33y show o different pleture of the tungsten
from the flest thermostractural test (Flgure 31y, The segmented feacturing {8 similar to the (lrst
test; however, the nature or charncetor of the melt loyer, sldewall roughness, and evosshateh pattorn
fornmution {s modified, belng less pronounced fn this tosd,

A slgnificant occurvence observed In the fthn coverage wits the appearance of n shoek
Induced within the nozzle, vesulting tn o standing shock imptngement on the spherfeal portion of the
model durtng the prebeat teanstent,  FPaether discasston of this shock formation fs prosented (n
Scetton 2,6, 1,

10
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Figure 33. Post-test photographs of blunt shell removal model BD-4.

2.5.3. Test 156, Model BK-4, Sharp A.NX. T./ERN Tip

The sharp A.N.T.. ERN shell removal model, designated BK—4, was identical in configu-
ration and components to the sharp flight model with the exception of a pre-shaved biconic shape for
the shell to lower the probability of thermostructural failure. A pre-shaved thickness of 0. 30 inch
at the stagnation point was selected to ensure burn-through at the stagnation point. Figure 31 shows
a pre-test view of Model BR-4. Table 11 is an event summary of Test 136,

The model entered the exhaust at 6.435 seconds after the fo>ility fire signal  The maodel
N

was in the preheat condition until 9.935 scconds.  Motion picture coverage indicated particles i
pinging on the model during this preheat phase. causing some material loss on the shell. The extent
of surface damage or material loss was not completely discernible, although bright spots were evi-
dent where impingement losses occurred. One area on the 0-degree meridian near the stagnation
point showed an indentation in profile on two cameras. Later frames seemed to indicate that burn-
through occurred in this general area. The evidence of burn-through or “punch-out™ of the shell
near the stagnation point was captured on film at 10. 333 seconds and is shown in the photographic
sequence shown in Figure 35, tahen from individual movie frames. After punch-out occurred, the
flow entered the interior of the shell at near-stagnation pressure. The unequal force that was imme-
diately generated tended to thrust the shell forward as seen in Frame Number 2. The forward thrust
was arrested as flow proceeded out the increasing annular area created at the aft bond area of the
shell and, concurrently, the shell failed as anticipated from the internal pressurization. The shell
shattered explosively and the small pieces were curried clear of the afterbody by the exhaust flow.
The ATJ-S cruciform section and bearing cap were seen to rotate clear in the fifth frame. The final
frame showed the ¢Xposed tungsten subtip with its attendant bow shock. This entire sequence was
accomplished in 0.005 second. The stagnation pressure at the time of burn-through was approxi-
mately 69 + 3 atmospheres, which was lower than the 30 atmospheres predicted in pre-test caleula-
tions. The lower pressure was the result of the earlier burn-through time, which may have been
precipitated by the early particle imapingement and material loss in the stagnation region.




Figure 31. Pre-test photograph of sharp shell removal model BK—.

Table 11. Event summary of RPL/A.N.T. Test 156, sharp 991, model BX—i.
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Figure 34. Pre-test photograph of sharp shell removal model BK-,

Table 11, Event summary of RPL/A,N.T. Test 136, sharp 994, model BK-4.

TIME (REVERENCUD
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The subtip was moved forward 10.852 scconds after the fire signal. From film coverage,
subtip fragmentation was scen to occur 13.55 to 13. 63 seconds after fire signal, and this was sub-
stantiated by thcrmocouple data. Figure 36 shows tungsten fragment losses taken from the motion
film frames. Additional fragmentation occurred during the shutdown phase as the subtip was being
rotated from the exhaust. The acoustic sensor signal disappeared at 10. 36 seconds, immediately
after the shell removal, and no data were acquired during subtip recession and failure. Post-test
views of the model are shown in Figure 37.
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Figure 36. Tungsten subtip fragmentation during Test 156.
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Figure 37. Post-test photographs of sharp model BK-4.

2.5, Test 189, Modcl BM-4, Sharp Subtip

The sharp tungsten subtip was tested using the RPL 50-atmosphere nozzle (all other tests
were performed with the 100-atmosphere nozzle). Caleulations of the subtip response at the 50-atmo-
sphere condition predicted approximately the same probability of crack initiation as in the clear air
flight; hence, the decision was made to test at the less severe condition. It was to be understood that
the probability of crack burn-through was significantly higher in the ground test than in the clear air
flight. The primary difference in the crach burn-through probabilities was the result of the preheat
on the flight subtip ensuring a ductile-brittle transition temperature (DBTT) location penetration into
the material, whereas the RPL thermostructural tests produce a nearly instantancous heat-up of a
cold tip and, hence, have a much reduced penetration of the DBTT location. A complete discussion
of the analysis is given in Section 2.6.2. A pre-test photograph of Model BM-+ is shown in Figure 38.
Table 12 summarizes the events of Test 189.

The model entered the exhaust at 6. 722 seconds after the facility fire signal. The teflon
glove was removed at 9.01 scconds. The film data showed the appearance of bright spots on the side-
wall at an axial location of 2 to 2.5 inches from the stagnation point at 9.63 seconds. The spots were
distributed circumferentially over 360 degrees at this general location. Fractures appearcd soon
afterward on the sidewall. The subtip was moved forward and in position at 10.833 seconds.  Small
picces were observed to leave the shoulder area at 15.42 seconds and additional pleces, further aft,
were removed at 16.03 seconds. The subtip was moved aft at 16.413 seconds and rotated out of the
exhaust at 17. 086 seconds. Post-test views of the tungsten subtip are shown in Figure 39.
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Figure 39. Post-test photographs of sharp subtip model BM-4.
2.6 DISCUSSION OF RESULTS

This section discusses the results of the verification test series as a whole. Rather
than discuss the results of each test separately, the results, as they affect each A.N.T./ERN com-
ponent, are addressed as follows:

¢ Primary Nosetip Performance

e  Subtip Performance

e Heatshield Performance

e Instrumentation Performance
2.6.1 Primary Tip Removal Performance

One objective of the design verification tests was to evaluate the removal characteristics
of the blunt and sharp 994-2 graphite shells in a thermostructural environment approximating flight
severity. The sharp and blunt nosetip shells were critical components in the flight test nosetips
designed to provide recession data for the monolithic tungsten subtips beginning at a specified altitude
(35 + 5 kfi) at which weather may be encountered by an operational vehicle. For the flight test pro-
gram, the desired operational sequence leading to subtip exposure was as follows: 1) ablation burn-
through near the stagnation point at 35 : 5 kft, followed by 2) internal pressurization, and 3) shell
fragmentation and positive separation and cxpulsion from the vehicle. The primary nosetip configu-
ration is illustrated in Figure 9.

Initial pre-test thermostructural analyses were performed for exposure of the flight-
design graphite shells in the ABRES/AFRPL rocket motor facility with the BZN/LOX propellant
system. The results of these analyses indicated a probable thermostructural failure before burn-
through due to the suddea exposure to the extremely high heating rates in this facility. To increase
the thermostructural margins-of-safety, both sharp and blunt nosetip shells were modified by
removing material on the spherical nosetip to reduce the wall thickness in the sonic region. The
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resultant biconic shapes were found to have thermostructural margins-of-safety similar to, but
lower than, those predicted for clear air flight. The purpose of the following discussion is to com-
pare the results of the thermostructural analyses with the observed response of these shells and to
assess the performance capability of the flight designs.

2.6.1.1 Method of Analysis

All thermostructural analyses were performed with the finite element SAAS IO¥ codo
(Reference 11). These analyses accounted for: 1) temperature-dependent material properties;
2) time-dependent shapes, pressure loads, and internal temperatures; and 3) differences in tension/
compression properties. The graphite material properties used in the pre-test thermostructural
analyses were the same as those used in the detailed design studies (Reference 2), with the exception
of slightly higher free thermal strains. The properties, shown in Table 13, were the best properties
data available at the start of the design verification test program.

In modeling the reaction forces of the split internal structure against the nosetip surface,
it was assumed that the epoxy adhesive at the aft end of the nosetip would pyrolyze fully during the
rocket motor pre-heat phase to leave a free-standing shell. Pressures of the form Pgsiné) were
applied on the forward interior shell surface: where 8 is the local slope of the shell boundary mea-
sured from the horizontal axis, and P, is a constant. At cach rocket motor exposure time, P, was
chosen so that reaction forces of the internal support structure balanced the total nosetip airload in

the axial direction.

Nosetip margins-of-safety were based on 95/95 strain allowables for truncated 994-2
graphite. These allowable across-grain and with-grain strains are shown as functions of tempera-
ture in Figures 10 and 41 (Reference 15). A biaxial failure strain criterion developed successfully
in the LORN program (Reference 16) was used to calculate margins-of-safety according to:

MS = - 11 100
2 (1)
(emax) . ‘\\’G)z
A B

€nax - maximum principal strain in RZ plane
A = 95/95 allowable strain in maximum principal strain direction
€wa = with-grain strain
B = 95/95 allowable strain 1n with-grain direction

It should be noted t+ { the above formula accounted both for the maximum principal RZ strain pre-
dicted on a nosetip shell and for the allowable strain in that direction.

All pre-test analyses were made using the methodology described above. For the blunt-
design shell, a minimum thermostructural margin-of-safety of :18 percent prior to burn-through
was predicted when the nosetip is inserted into the test stream 0.5 second before the end of the
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rocket motor pre-heat igniter phase (Reference 17). The pre-test conclusion was that there was a
high probability of obtaining an accurate evaluation of the primary nosctip removal mechanism in the
design verification test.

On July 17, 1975, the blunt-design shell was tested in the ABRES/AFRPL Rocket Exhaust
Facility. Test pyrometer and thermocouple data showed that the nosetip shell fractured 0. 99 second
after entering the rocket exhaust stream. Post-test reviews of the facility camera data showed con-
clusively that the shell failed thermosiructurally near the nosetip shoulder well before ablation burn-
through. Post-test analyses were directed at finding reasons for the thermostructural failure of the
nosetip shell. These analyses included a review of the structural analysis methodology, particularly
possible deficiencies in the failure criterion which could expiain the observed shell failure. To estab-
lish an improved failure criterion for these nosetip shells, the Priddy stress-based theory for brittle
anisotropic materials (Reference 18) was adapted to 994-2 graphite using tensile test data obtained
for the Material Requirements Definition (MRD) program (Reference 19). This theory accounted for
multiaxial loading including shear, stress interactions, and volume and statistical effects. A detailed
description of the Priddy criterion and its application to 994-2 graphite nosetips is presented in
Appendix A. Comparisons of post-test results using both the Priddy criterion and the LORN criterion
are described in the following section.

2.6.1.2 Results

The blunt-design nosectip shell was tested in the RPL facility on July 17, 1975. The
model was rotated into the rocket exhaust stream about 0.5 second before the end of the rocket
motor pre-heat igniter phase. Facility camera, pyrometer, and thermocouple data showed a frac-
ture of the graphite shell initiating near the shoulder region after approximately 0. 99 second of
exposure. Post-test reviews of the camera data showed positive separation and expulsion of the
nosetip and internal support structure within 0. 005 second after observed crack initiation with no
visible damage to the remaining components of the test model. From the test chamber pressure
history it was determined that the shell fracture occurred during ramping from the reduced "'vernier"
pressure level to the final steady-state pressure. Figure 42 shows the stagnation point recession
predictions based on actual test conditions, including the start transient. At the observed failure
time, the nosetip was exposed to appr oximately 50 atmospheres stagnation pressure and had ablated
approximately 0. 025 inch of the original 0.250-inch stagnation thickness (see Figurc 12). In other
words, the thermostructural failure occurred well before planned ablation burn-through and was
attributed to a build-up of internal multiaxial stresses in the nosetip following sudden exposure to
the exhaust flow environment.

To investigate the thermostructural failure, LORN-based and Priddy-based margins-of-
safety for the nosctip shell were calculated. The thermal boundary conditions were computed using
a revicion to the pre-test analysis that corrected an error discovered in the reference state used to
define the solid-wall enthalpy. The error was found to cause an under-prediction of the surface
temperature by about 500 - 300°F. The thermal analysis also accounted for the effects of a nozzle-
induced shock wave that impinged oa the shell model, as shown in Figure 43. The results of these
post-test analyses are presented in Figure 44 and are summarized below:

1. Shock wave heating augmentation from nozzle wall discontinuitics
was not found to atfect the thermostructurai response of the nosctip
shell.

2. Margins-of-safety based on the Priddy criterion were found to he
similar to, but lower than, margins-of-safety based on the LORN
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Figure 44. Margins-of-safety for blunt shell.

criterion. Differences in the calculated margins-of-safety were
not enough to explain the thermostructural failure.

3. Much lower margins-of-safety were calculated using the post-
test thermal analysis with the corrected enthalpy reference
state. These lower margins-of-safety were a consequence of
the higher granhite surface temperatures predicted in the revised
analysis.

Post-test analyses with the improved structurai analysis methodology and reference enthalpy correc-
tion were found to provide a reasonable explanation of why the thermostructural failure occurred.

as well as the approximate time and mode of failure. The overall conclusion from the post-test anal-
yses was that the blunt-design graphite shell was exposed to a thermostructural environment of
greater severity than had been indicated by the pre-test analyses.

For design verification testing of the sharp-design shell, an extended rocket motor pre-
heat of at least 3 secunds was recommended to increase the survivability of the shell prior to ablatien
burn-through. Pre-test analyses that included the effects of a 3-second preheat period at the vernier
operating condition indicated margins-of-safety similar to, but slightly lower than, in flight
(Figure 13). A maximum probability of thermostructural failure of less than 1 percent for this test
was predicted after 0.5 second of exposure. It was concluded that the revised design verification
test would provide an accurate evaluation of the primary nosetip removal mechanism.

On October 21, 1975 the sharp-design biconic shell was tested in the ABRES AFRPL
Rocket Exhaust Facility. The nosctip shell entered the exhaust stream approximately 3.51 seconds
before the end of the rocket motor preheat igniter phase, in general agreement with pre-test recom-
mendations. Facility cameras showed that during this preheat period, rocket motor particles im-
pacted the nosetip shell causing some material loss to the nosetip. Bright spots in the film could be
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Figure 45. Thermostructural response predictions
for sharp primary nosetip.

seen where impingement losses had occurred and one area near the stagnation point showed an indden-
tation in profile on two cameras. Facility cameras showed no evidence of thermostructural damage
te the nosetip shell during the extended preheat period or ¢n facility ramping to the finul <teadv-<tate
stagmation pressure. Figure 46 shows the stagnation point recession predictions hasead on actuuml
test conditions, including the preheat transient. The nozelip shell remained intact up 10 2 Stagnztion
pressure of approximately 69 atmospheres when ablation burn-through. or “punch-out.” was ehserval.
In other words, the nosetip shell survived thermostruciurallv until ablation bura-thisugh, 25 reguired
for the flizht test modeis. Foliowing ablation burn-through. exhaust flow eatering the intenal caviww
caused shell fragmentation and expulsion with no visible damage to the remaining components of the
test model. The elapsed time between ob=erved ablation bura-through and complete shell removall
including the internal split structure and bearing cap. was aporoximatelr 0.5 secomd. The sheli
thickness at ablation burn-through. or punch-out. estimated from the post-test recession analvsis.
was approximatelv 0. 070 inch (see Figure i61. It is believed that thix remaining thickness at shell
punch-out may have contained some material irregularities frem particle impingement during the
rocket motor preheat. The damage depth at the time af ablation burn-through is estimated 10 be less
than 0. 030 inch. based on surface roughness obzerved from the film d2ia. In olther weords, the oh-
served particle impingement may have influenced the shell remacal time.  Althongh the resukiing
Stagnation pressure at burn-through was less than the pre-iest obiective. it is belicved that the o5t
provided an accurate cvaluation of the removal mechanizm leading 1o sublip exposure in flizht. IR
was concluded that the graphite shell can be removerd in a clean. pradiciable fashion witheat adverse
effects on downstream componentis. thereby proving the vizbilitv of the shell remoral concept.

2.6.2 Subtip Performance

The blint design tungsten sublip was first tested as a bare nosetip «3: X BT-3 oo July 3.
1975. A second hlant sublip was tested as a component of a {ull-scale model of the proposed flight
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Figure 4G6. Stagnation point vecession history of sharp
primary biconic nosectip, Test 136.

1ell removal test on July 17, 1975 (S/N BD-4). The sharp subtip design was tested

as a bare nosctip on November 14, 1975 (/N BM-4). The steady-state recession rates of the tungsten
subtips, as measured fron. the high speed film data for cach test. are given in Figures 147 through 50,

respectively.

e remainde s scction, the results ermestructural analyses are comparec
In the remainder of this seetion, ti ults of thermostructural I parcd

with the observed response of these monolithic subtips to assess their performance capability for

flight.
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Figure 47. Blunt tungsten subtip axial
recession history — Test 165.
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All thermostructural analyses of the tungsten subtips were made using the SAAS HI codc
(Reference 14) with temperature-dependent material properties. All analyses accounted for time-
dependent shapes, pressure loads and internal temperatures. The most important consideration in
prediciing the response of these subtips was the extremely brittle behavior of tungsten below the
ductile-brittle transition temperature (DBTT). At the start of the A. N, T./ERN program, the mate-
rial data that were required to account for the brittle behavior below the DBTT and for inelastic
yielding above the DBTT were not available. Just as important, no proven failure criterion had yet
been developed for tungsten nosetips.
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Figure 50. Sharp tungsten su-tip axial recession history — Test 189, %
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2.6.2.1 Method of Analysis i3
i3

3

2 S

S i AL iy B 6

At the start of the A.N.T./ERN program, properties for tungsten were based on limited

modulus of elasticity data, axial direction strengths, and free thermal strain data that were charac- .
teristic of tungsten as a gencric material. At that time, thermostructural analyses were made with
lincar-elastic material properties. Stresses from these analyses were greatly overpredicted and,

as a result, generally exceeded an assumed 100 ksi allowable stress. For this reason, only compari-

sons of relative response severity were meaningful, and absolute indications of thermostructur.al per-

formance capability had to be based on ground test results.

0 8 BT RN L Pe kbbb

Le

During the A.N.T./ERN detailed dcsign studies, analysis methodology was modified to
account for inelastic yielding in material above an assumed DBTT of 100°F. In addition, the Priddy
stress-based failure criterion for anisotropic materials was adopted for tungsten, using limited axial
direction strength data and two measured transverse strengths at 500°F. These major improvements
in analysis methodology, described in Relerence 2, gave brittle margins-of-safety, based on 50,50
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allowable strongths, that accounted for multiaxial stress interactions, Including shear. Since that
time, tho results of a large tungsten characterization program conducted at Southern Research Insti-
tute (SoRI) and at the Illinois Instituto of Tochnology Resoarch Institute (IITRI) for the A.N.T./ERN
program became availablo (References 20 and 21), Transversc strengths near room temperature
measured in this characterization program were much lower than had been estimated previously.

All final design properties obtained from the characterization program were incorporated into all
-subsequent thormostructural analyses. The final mechanical properties used in the SAAS II analyses
arc shown in Table 14; the matrix of ninc strengths required by the Priddy failure criterion arc shown
in Table 15.

All pre-test analyses for the design verification tests of the sharp- and blunt-design sub-
tips were made using the methodology just described. Analyses based on the A.N. T./ERN program
characterization data with the Priddy fallure criterion indicated small but positive margins-of-safoty
for exposure in tho AFRPL facility at 100-atmospheres pressure with the BZN/LOX propellant sys-
tem at an oxidizer-to-fuel mixture ratio of 2.8, Since margins-of-safety were calculated for the
worst-case finite clements using average strength allowables, it was concluded that the probability
of thermostructural survival was in excess of 50 percent.

Internal heat-up fractures in the first blunt subtip test and catastrophic failure in the
sccond blunt subtip test demonstrated conclusively that the monolithic designs had much lower per-
formance capabilities than had been indicated by the pre-test analyses. For this reason, the thermo-
structural analysis methodology was modified to account for: 1) volume cffects believed to have had
an important influence on the test results, and 2) the propagation of cracks caused by transverse
stresses and subsequent ablation burn-through to these cracks. These improvements in analysis
methodology were made during the design verification test program in the period of July through
September 1975, and are described in the following paragraphs.

2.6.2,2 Results

On July 2, 1975, a blunt-design subtip was tested in the ABRES/RPL facility (Test
Number 165). Although no catastrophic fallurc was observed during 3.83 seconds of rocket motor
oxposure at 103 atmospheres stagnation pressure, post-test metallographic examination revealed
internal (heat-up) fractures induced by transverse (hoop) stresses. It is believed that for a slightly
longer exposurce test, ablation burn~through to the cracks would have caused major losses of subtip
material. A sccond blunt subtip, tested on July 17, 1975 (RPL Test Number 169) as a component
in the primary shell removal test, was exposed to 90 atmospheres stagnation pressure for 5.39
scconds and failed catastrophically from transverse direction (hoop) stresses. Post-test data reduc-
tion of acoustic sensor data obtained from Test 169 indicated internal crack initiation in the subtip
after 1.15 scconds of rocket motor exposure. Film data from facility cameras showed ablation burn-
through to these internal fractures and subsequent loss of subtip material after 4.84 seconds of
exposure.

Post-test ther mostructural analyses, including the effects of film-observed shock impinge-
ment and corrections to the thermochemistry model, did not alter the pre-test prediction. Margins-
of-safety in excess of plus 6 percent were predicted for worst-case subtip clements (Figure 51), In
other words, the observed failures in these subtips could not be explatned with the analysis mcethod-
ology uscd at the start of the design verification test program. It was postulated at this time that
catastrophic failures in these subtips were the result of volume effects in material below the ductile-
brittle transition temperature. For brittle materials, allowable strengths are dependent on the
stressed volume, Since the critically stressed volumes in the monolithic subtips are much greater
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Table 15. Low temperature average strengths for extruded 2 percent thoriated tungsten (ksi).

Ef
H 2 3 4 8
E, NOSETIP vty 8 R 6° Al By w
994-2 Primary Shell 25000 | -40 | 2000 | 2.96 8 2,75 | 300 | Clear
e 2-2-3 C/C Primary Shell
Design Sequence 2 25000 | -30 2000 { 2,96 8 3.88 | 300 | Clear
Design Sequence 3B 25000 | -30 2000 | 2.96 8 4.63 | 300 Clear
' Design Sequence 4 25000 { -30 2000 | 2,96 8 1.38 { 300 Clear
TZM Sublip
Desfyn Sequence 7 25000 | -30 2000 | 1.60 19.33{ 5.00 33 ESI 5.8
Tungsten Segmented Subtip
Deslign Sequence 25000 | -30 2000 | 1.60 30 4.05 30 ESI5.8
1 Recentry Veloclty ft/sec
2 Reentry Angles degrees
: 3 Ballistic Coefficicent psf
4 Nosec Radius inches .
5 Cone Angle degrees
6 Overhang Length inches
2 7 Exposure Altitude kft
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Figure 51. Margin-of-safety predictions
for blunt subtip in RPL.
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than the tensile volumes of the test specimens used to obtain the strength data base, the allowable
strengths for these subtips should be degraded substantially. In order to account for the dependence
of allowable strengths on stressed volume, a Weibull distribution was fit through all of the low tem-
perature uniaxial strength data that had been obtained from the recent characterization program
(Figure 52). The distribution was used to correct the brittle allowable strengths to finite element
volumes. Using the Weibull statistics, the probability of crack initiation in any fine element volume
was calculated from the proximity of the stress vector to the Priddy failure surface. The overall
probability of crack initiation in the subtip was then calculated from the cumulative product of finite
clement survival probabilities over all brittle elements.
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Figure 52. Weibull model of brittle strength of
thoriated tungsten.

The post-test analyses then were re-cvaluated using this methodology, and the results
indicated very high probabilities of crack initiation in the blunt subtips (Figure 53). In the case of
Test Number 165, these predicuions are in reasonable agreement with a crack initiation indication
from the acoustic-sensor attached to the subtip shank. For the first time, crach initiation in blunt
monolithic subtips was correlated by the post-test analysis. The thermostructural faillures in the
blunt monolithic subtips were attributed to:

1. RHigh mulliuxial stresses,
2. low transverse direction strengths and,
3. large critically stressed volumes.
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Figurc 53. Predicted failure probabilities for
A.N.T./ERN subtips in RPL.

To further explain the test results, the analysis methodology was extended to include a
prediction of when a catastrophic failure (i.c., loss of solid material) in a subtip would occur following
assumed internal crack initiation. This extension was necessary because the thermostructural anal-
ysis methodology only gives a prediction of internal crack initiation in the subtip. Assuming that an
internal crack resulting from transverse stresses does not progress for ward beyond the DBTT loca-
tion in the subtip, catastrophic failure will not occur until sometime later when the outer surface of
the subtip ablates to that location. The delay between crack initiation and subsequent crack burn-

through can be estimated from stagnation point recession histories and DBTT location histories in
the thermal analyses.

To summarize, the following procedure was used to obtain probabilitics of crack burn-
through in the subtip:

1. Ineclastic stresses in the nosetip during the test were calculated with

the SAAS III code as functions of time.

2. Probabilities of crack initiation in cach finite element were calculated
with the Priddy stress-based criterion with statistical and volume effects
included.

3. Overall probability of crack initiation PF. was found by cumulative
product over all brittle elements.

4. Aninternal crack initiating at any tine, t.. was assumed to propa-
gate forward to the 100°F isotherm. Zpyppr-

5. The subscquent crack burn-through time, t,, was found by observing
when the ablation profile reaches Z -

Py versus ty, points were plotted to obtain tiie probability of crack
burn-through curve.

s M Atk L L s 't s e e 7 H eyl P

)

- —

- e

[UPUURRE———————

s Bt A e S %

A v B s A

¥
Lt

& i

ok b v
ey

A adly

me b Y

AL TR S

it




T

g

e i T e
SRR i
- R

This method provides a comprehensive procedure for describing the thermostructural
behavior of tungsten nosetips. It was first applied to results of ground tests of blunt subtips in Test
Numbers 165 and 169 (Figures 51 and 55) and was found to explain: 1) the mode of failure, 2) the
strong likelihood of failure in monolithic designs, 3) the sensor-determined time of crack initiation,

and ) the subsequent film-observed burn-through time.
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Subsequently, pre-test thermostructural predictions with the methodology described above
were made for design verification tests of the sharp subtip in the ABRES/RPL facility. Probabilities
of crack initiation for exposure at 50 atmospheres stagnation pressure are shown as a function of time
on centerline in Figure 56 and arc compared to clear air flight. The calculated peak probability of
crack initiation was found to be appreximately the same in ground test as for clear air flight (approxi-
mately 30 percent). On November 14, 1975, the sharp subtip model was tested in the RPL facility
for 7.54 seconds of exposure at 53 atmospheres stagnation pressure (Test Number 189). Film data
from facility cameras showed bright spots on the model sidewall two inches from the tip 0.6 second
after teflon glove removal. These were believed {o be the result of internal cracks generated by

transverse (radial) stresses. The estimated probability of crack initiation at this time was approxi-
mately 75 percent.
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® PRIDDY FAILURE
RPL THEORY

100 ATMOSPHERES ) .
\OLUME EFF
50 ATMOSPuEREs  |® VOLUME EFFECTS

0 / ’/A/"\ﬂa .
| A
/

PROBABILITY O CRACKING (PERCENT)

FLIGUT
(TIME FROM
35 KFD)
20 T
[} 2 A " "
¢ c.5 1.0 1.5 2.9 2.5

TIME SECOND

Figure 56. Sharp tungsten subtip thermostructural response.

2.6.2.3 Conclusions and Recommendations

The following conclusions and recommendations were made:

1. Monolithic subtips of thoriated tungsten tested at RPL had internal
(heat-up) fractures induced by transverse direction stresses.
Thermostructural analyses indicated high probabilities of crack
initiation in these tests. Since the thermostructural response in
a ground test exposure was comparable to that for clear air reentry,

it was recommended that monolithic subtip designs not be flight
tested.
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2. Internal fractures in the subtips were attributed to large multiaxial
stresses, low room-temperature strengths in the subtip material,
and large critically stressed volumes.

3. The structural analysis methodology which evolved during the

A.N.T./ERN program has been successfully applied to design

verification ground test models; it is believed that these methods

successfully describe all the essential features of the thermo-
structural response of tungsten nosetips.

2.6.3 Skirt Heatshield Performance

The data summary given in Table 16 shows the maximum measured recession at the
nosetip/heatshield interface region. Detailed post-test analysis of the heatshicld recession perform-
ance was not performed because no anomalous behavior of the skirts was observed. The nosetip/
heatshield joint region experienced the largest recession in each test and therefore determined heat-
shield thickness requirements in the design. Note that with the 100-atmosphere nozzle, the heatshield
location of interest remained outside of the test rhombus in both the shell removal and the thermo-
structural configurations. Since the model was moved forward in the shell removal tests, the heat-
shield saw a varying heating environment based on the position of the interface location relative to
the Mach line intersection as a function of time (see Seetion 2.4). Evidence from previous tests
(Reference 2), as well as the present results, suggested that the int rface location experienced higher
reccssion than was predicted from one-dimensional charring ablato. codes. The difference resulted
not only from the two-dimensional conduction effects contributed from the hot subtip, but also from
scouring of the char structure by a high shear environment. Further analyses would be required to

characterize fully the response in any particular exhaust environment.

The higher sidewall recession on the heatshield for Test Number 134, which was run in
the 50-atmosphere nozzle, was attributed to the larger test rhombus, which encompassed the location
of interest. Hence. the heat flux was not reduced as in the 100-atmosphere nozzle tests.

Since no anomalous behavior of the heatshield was observed, it was concluded that the
skirt heatshield configuration was adequate both structurally and thermally for the planned clear air

flight test environment.

[

.6.4 Instrumentation

The instrumentation on cach test consisted of internal thermocouples, optical pyrometers,

and an acoustic recession sensor. In addition, strain-gages were mounted on the aft structure of
both sharp-design subtips to measure possible bending loads on the nosetip during primary nosetip

removal {Test Numbers 156 and 139\,

2.6.4.1 Thermocouple Instrumentation

The performance of the thermocouples on each test model is summarized in Table 17.
Om the average. data were obtained from 84 percent of the thermocouples that were installed. The
remaining thermocouples cither were defective after final model assembly or failed during the tests

due to cither vibration or shock loads.*

* 1t should be noted that all 26 thornxocouplc~ on cach of two flight units that were deliv-
cred survived acceptance vibration testing (0.1 «- Hz) successfully. and all were operating after
installation on the flight vehicles.
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Table 17. Summary of thermocouple operating performance.

TEST XUMBER

TOTAL
165 | 169 | 156 J 189 | OF

EL- No. of Thermocouples Installed 18 26 2¢ 18 8s =
Y T/C's Operating at Start of Test | 16 | 24 | 24 17 81 z
el No. of T/C's Giving Useful Data | 16 | 20 | 22 16 71 =
3 ==

g Table 15 summarizes the performance of each individual thermocouple in each test.
Either the failure time of each backface thermocouple is indicated, or the temperature at the end of
the test is given in parentheses. The purpose of this table is to indicate the consistent response of
the thermocouples at cach location. The thermocouple locations for the design verification test
units were identical to the locations in the respective flight units. For example. the primary iip
removal thermocouples failed at 5.52 seconds and 10. 34 seconds on the blunt and sharp shell removal
tests, respectively. The film data indicated that shell removal actually occurred at 5.53 and 10.33
seconds, respectively. Confirmation of shell removal, therefore. was in excellent agrecment for
both designs. In addition, thermocouples A6 and B6 showed positive responses at the times of subtip
fragmentation that occurred in Tests 169 and 136.

1
e X3 V@ R

AN

Additional data obtained from the heatrhield backface thermocouples are shown in
Table 19. From the data for Test 156, the forward heatshield stripback rate was deduced and corre-
lated with the film data. The indicated stripback rate was 0.3S to 0.95 inch,’sec. This technique for
measuring heatshield stripbzck would be especially valuable during a weather reentry test.

2.6.4.2 (_)p_gical ’vrometer Instrumentation

i

Nl MR s MU o Y SR O s A

O .

The overall performance of the optical pyrometer data was disappointing and subject to
iarge sncertainties in the indicated temperatures. The disappeinting performance was due primarily
o obscuration of the surface by clouds of unburned feel. The chamber wails are cooled by the spraying
of fuel which does not combust completely before exiting the nozzle. The fuel-rich region, with its
attendant dark. carbon-rich cloud tends to obscure the model eithier continuously or intermittently.
The pyrometer data were used primarily in these tests as a potential indicator of shell removal, =
since an abrupt change in the readings should signal the event. Correlation with the motion picture - E
timing and thermocouple data was used to determine the actual removal time. AFRPL is actively
pursuing facility refinements to aileviate the pyrometer obscuration problem.

=
=
=
=
=
k>

2.6.4.3 Acoustic Recession Gage Instrumentation

The original intent of the RPL acoustic recession gage tests was to demonstrate the
A.N.T./ERN flight ablation sensor on a fuil-scale nosetip under high keating conditions. Thus. only
the sensor specified at the Critical Design Review deference 22), a 1.5-miz shear wave mlse echo
gage. was to have been tested.  Two tests were planned with a3 sharp nosetip and two with a blunt
nosetip.
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Table 1s. Summary of A.N.T. ERN thermocoupie data
in design verification tests.
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However, as model fabrication proceeded, new evidence on the performance of acoustic
gages on fungsten nosetips became available. TFirst, HEARTS flight test results indicated that receg-
sion data could not be obtained from shear wave gages bonded to tungsten. Then, in a May 1975 test
series at the AFFDL 50 Megawatt arc-jet, it was found that: 1) a change from the shear wave to
compression wave mode in pulse/echo gages did not result in any meaningful improvement in sensor
performance on t. xsten, and 2) a resonance-type compression wave gage did show considerable
promise, with good correlation obtained between gage recession measurements and motion picture
data (see Section 6.1). As this new evidence became available, changes were made in the RPL model
instrumentation where practical. Where model fabrication had proceeded beyond the point that trans-

T T

T T e L

%
=
=
ducer modifications could be made without major rework, the instrumentation was left unchanged. 3?;
&
The final ablation gage instrumentation tested was as indicated in Table 4 (Section 2.2. 6). B
Two models were instrumented with shear wave pulss/

echo gages: one with a compression wave

pulse/echo gage and one with a resonance wave zage. All three pulse/echo gages had a nominal car-
rier frequency of 1.5 mHz.

Only the shear wave transducers were flight-qualified production type sensors. The
other two transducers were, of necessity, prototype units. Furthermore, to meet the schedule
requirements of the design verification test program, a "breadboard" resonance sensor was fabri-
cated. The basic construction technique and materials were the same as for shear wave gages.

However, with the tight model fabrication schedules, no time was available to optimize the new sen-
sor designs for their particular applications.

A

s

Sl

i

The performance of the prototype transducers was

considered adequate to determine only the basic feasibility of the gages for tungsten ablation
measurements.

By the time the actual tests were performed, the probability of obtaining recession data
{rom any of the pulse/echo gages was considered remote. It was for this reason that the resonance
gage was substituted on the last test unit. It may be noted that, even without recession measure-

ments, the ablation gages would still be expected to function as crack detectors.

TV RO ey

Pulse/Echo Gage Performance

{
i
|
i

In all three of the pulse/echo sensor tests, the transducer was excited with a laboratory-
type pulser/receiver (Panametrics Model 5052). The output signal was monitored ca an oscilloscope
and recorded on a video tape record~r. With this approach (as opposed to using a flight-type signal

conditioner), the complete bipolar signal was obtained, permitting detailed post-test analysis and

processing. If desired, the o*put tape can be played through a breadboard flight processor unit at
a later date to evaluate the overall ablation gage system.

o ey
T A T R

4 ORI

The background noise produced by the RPL facility varied widely in the three tests using
pulse/eche sensors. In Run No. 186 {shear wave transducer), the noise level was so high that the
receiving equipment was completely saturated throughout the model on-centerline period. Neither

the echo location nor the presence of erack signatures could be detected, even after post-test filtering.
On the other hand, Run No. 163 (compression wave transducer) was exceptionally quiet with almost

no increase in in-band noisc associated with the model entering the flow. Run No. 165 (shear wave
transducer) was typical, with an increase in bascline noise by a factor of about two when the model
entered the flow, Wide variations in the RPL noisc environment had been noted in previous tests
involving acoustic gages. However, to date, no explanation for these variations has been offered,

nor has a correlation been found between the apparent noise level (as detected by the ablation gage)
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and facility performance data.
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Because of the high noise level, the most that can be said about the test results of Run
No. 186 is that the echo pulse was gone when the model rotatod out of the flowfield (removing the
background noise interference). However, the relative performance of the shear wave and compres-
sion pulse/ccho sensors could be obtained from the results of Runs 165 and 169. In both of these
tests, the echo pulse decayed to the noise level in about 0.5 second. Comparable decay times were
obtained in previous flight and ground tests of pulse/ccho gages on tungsten nosetips.
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Numerous noise bursts, probably associated with crack formation and propagation,
occurred during and immediately after Run 165. However, the earliest noise burst, occurring
approximately 0. 15 second after model insertion, was of much shorter duration than the typical
bursts previously associated with crack formation (about 15u4S, as compared to perhaps 200uS).
The short duration of this burst suggested the possibility of another source: e.g., lmpact of a par-
ticle on the subtip. The strongest noise burst was recorded at 1. 15 seconds of exposure and is
believed to indicate internal subtip fracture. Only one noise emission occurred during Test 169.
This was a strong burst (100uS duration) occurring 0.6 second after insertion.
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It was coneluded that none of the pulse/echo sensors could measure tungsten recession,
However, the basic acoustic unit should still function as a crach detecto: during the flight tests.

A

i

Resonant Frequency Gage Description and Performance

i

SRR i

Figure 57 is a schematic of the test setup used for the resonance gage test (Run 189).
The transducer included two crystals bonded together in a vertical stach. The crystal immediately
adjacent to the nosetip (transmitter crystal) was driven by a wave generator, while the outpae v1 the
rear-most crystal (receiver) was monitored. As indicated in Figure 57. the excitation frequency
was vavied Hnearly with time from 40 kHz to 10 hHiz over a sweep time of 500 ms. The sweep was
then repeated to form a sawtooth input signal.
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Figure 57. Test sctup for resonance sensor.
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For the pre-test subtip length, two resonances occurred in this frequency range: 1) a
1/2 wave resonance at about 11 kHz and 2) a 3/2 wave resonance at about 33 kHz. Both resonant
frequencies would be expected to increase in inverse proportion to nosetip length during ablation.
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Of the two resonances, the 3/2 wave peak was much stronger and more suitable for
tracking.

(The same was true in the earlier resonance sensor models used in the laboratory and
the 50 MW tfests.) The half-wave resonance was theoretically strong, but apparently the resonance

was of such high Q" as to be obscured by the slew rate limitations of the system. In an attempt to
make the half-wave resonance as visible as possible so that it would be feasible to trace both reso-
nances for comparison, the signal processor amplified the signal with a gain which increased loga-~

R PR
i

rithmically with decreasing frequency.
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The processor block of Figure 57 includes a representation of the envelope of the output
signal. In a given data frame, increasing time correlates directly with decreasing excitation fre-

quency. T'..s, the baseline signal increases logarithmically with time. The strong pulsc represents 3 3

the 3/2 wave resonance, while the small pulse near the end of the frame represents the 1/2 wave :
i resonance. Both pulses would move to the left during ablation. %
\ The unprocessed receiver oufput also was monitored and recorded on a video recorder. i
1 By filtering out the low frequency ablation gage signal, the wide band background noise higtory could § =
o be determined. The resulting signal served the same function as the "'crack detector" on the pulse/ e
1 echo ablation gage.
,

The performance of the gage in the actual test was disappointing. The signal became
quite noisy at teflon glove removal, though the 3/2 wave resonance was still distinguishable. At

0.6 sccond after glove removal, the resonance pulse vanished suddeualy for a single frame; at 1.0
second it vanished completely.

The crack detector showed a ramp increase in noise beginning at glove removal. Retween
0.60 and 0.75 second after removal, the noise reached & maximum with two sharp peaks, followed

by a sharp decline. For the remainder of the test, the noise level was comparatively low. As noted
previously (Section 2. 5), post-test inspection showed the nosetip to be cracked clear through across
the axis. In the movies, the crack first became visible on the surface about 1.1 second after glove
removal.
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As the crack axial location was close to the subtip shi.nk and "'off-scale for the ablation
gage, it is tempting to associate the signal loss with the crack fermation. According to this hypothecis,
the crack first occurred about 0.6 second after glove removai and propag ated for an additional 0.5

. second. The ramp increase in crack detector noise could be atixibuted to a buiid-up in aerodyna.nic
noise from the rocket motor flowfield. The twe sharp peaks would be associated with crack formation,

) and the sudden decrease in noise could be attributed to isolation of the transducer from the flowficld
i noise as the crack propagated across the axis.
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However, three facts strongly suggest thai the loss in ablation gage signal actually was
due to an internal transducer {ailure:

=
=
<F
1
3
4
H
H
T
=
1
e
B
4
-
=53

-
=
1. If the crack hypothesis were correct, it would be expected that the ==
resonance pulses would simply disappear ftom the signal, with the %
baseline unchanged. However, in actual fact, the bascline voltage é
decreased sharply to about the level that vould be expected from E
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background noise alone. A similar decrease was simulated in the
laboratory by disconnecting one of the transmitter crystal terminal
wires.

2. It also would be expected that some minor resonances would be
present in the sensor frequency range even for a "short nosetip"

- due to varjous possible multiple reflection sound beam paths. In
fact, such resonances were shown to be present in the laboratory
when a new transducer was mounted on the remains of the test
nosetip. On the other hand, during the test the signal was almost
free of structure after the loss of the 3/2 wave resonance peak.

3. Finally, the temporary one-frame signal loss at 0.6 second after
glove removal is most easily explained as a '"loose wire' effect.

Thus, it was concluded that one of the two wire terminal junctions on the transmitter
crystal failed due to vibration., Unfortunately, it was impossible to verify this conjecture, as the
transducer could not be removed from the nosetip model without destroying the internal wiring,
Since RPL schedule requirements precluded the use of flight-qualified design and construction pro-
cedures, no conclusion could be made from this test regarding the worthiness of a resonance gage
for tungsten recession measurements.

2,6.4.4  Strain Gage Instrumentation

Strain gages were mounted on the aft substructure of the two sharp units. The purpose
of the gages was to measure deflection of the nosetip through the substructure during the shell
removal sequence. Figure 11 (Section 2.2.5) shows the location of the four strain gages, mounted
90 degrees apart, on both sharp units. The location of the gages were identical for the cubtip and
shell removal models. Each gage was a 350 ohm, 1/4 bridge, BLH foil strain gage number FAE
255-35-S6-ET, with a gage factor of 2.07. Bridge completion circuits were provided by AFRPL
and a 1.7 M{2 calibration resistor was used for a maximum expected strain of 0.0001 in/in.

Figure 58 shows the responses of the four strain gages during the sharp shell removal
test (Test 186). All gages show a response during the test, starting shortly after model insertion
(6.5 seconds). Significant lateral pulses are indicated at 8.9 seconds (G4), 9.25 seconds (G2),

9.9 seconds (G3), and 10.9 seconds (Gl). However, no significant pulses occur at the time observed
for shell removal (10.33 seconds). Similarly, Figure 59 shows thc responses of the gages during

the sharp subtip test with the teflon glove (Test 189). All of these gages {ndicate an increasing
(compressive) strain characteristic of model blunting during a test. Gages G2 and G3 show small
pulses within 0. 05 second of the time of teflon glove removal, but the pulses are no larger than others
that occur during the test.

Based on the results of these two tests it was concluded that:
1. Aerodynamic pulses that may occur during shell or glove removal

are small relative to other changing aerodynamic loads or vibration
levels in a rocket motor test.
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Figure 59. Strain gage response for Test 159.
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2. Strain gages at this location in the substructure cannot detect
the nosetip response, if any, during primary tip removal in
a rocket motor test.*
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2.7 CONCLUSIONS

ooy

oo
5

MRS

T
f L
] il e e S et e et

The results of the A.N. T./ERN Design Verification Test program discussed in the pre-
ceding sections lead to the following conclusions:

fi it

i
WA

With respect to the A.N.T./ERN nosetip designs:

AN

ght
Ha k) i

WA

1. A graphite shell primary nosetip, properly sized and designed,
can be removed in a clean, predictable fashion without adverse

= effects on downstream components.

= 2. A monolithic tungsten subtip with a length of four to five inches
is not a viable erosion-resistant concept for the A.N,T. design
flight environment.

3. Acoustic recession sensor technology for tungsten applications
requires further development or concept modifications.

4. In-flight shell removal and heatshield stripback rates can be
measured successfully with backface thermocouples.

5. No significant serodynamic load pulses during shell removal
could be measured by strain gages mounted on the aft substructure.

rila
v

With respect to the use of the ABRES/AFRPL facility for fuli-scale performance verifi-
cation testing:

1. The AFRPL facility provided an excellent test vehicle for assessing
the thermostructural and recession capability of graphite, carbon,
and tungsten nosetip materials. Further operating refinements and
environnent characterization should produce an excellent vn-.setip
material testing capability.

2. Present flowficld anomalies such as igniter particles in the pre-
heat and shock formations during operation at low chamber pressure
did not appear to compromise ultimate test results.

3. The presence of quantities of unburned fuel in the boundary layer
make interpretation of film data difficult and render surface
pyrometer measurcments nearly useless.

to

] RECOMMENDATIONS

The conclusions of the Design Verification Test series resulted in the following
recommendations:

1. Because of the high probability of crack initi..tion predicted for
monulithic tungsten subtips, the preseat A.X.T./ERN subtip
designs should not be flight-tested at this time.

* Subsequent to this experiment, a more sophisticated aerodynamic load measurement
experiment using strain gages was designed for flight test on AN, T. II. Full-scale flight units have
been built and calibrated to measure axial forces and bending moments in the substructure (Reference 23),

s8
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2. The monolithic tungsten subtip should be replaced by a design, ; L
such as a segmented tungsten concept, that will enhance its [ 3F
thermostructural performance capability. ‘s

3. Future development or verification tests of similar concepts ¥

“p

or designs should be tested in the refined AFRPL test facility
with the present benzonitrile/liquid oxygen propellant system.
The rocket exhaust flowfield should be improved by elimination
of the boundary layer clouds.
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3.0 SEGMENTED TUNGSTEN SUBTIP DEVELOPMENT

The segmented nosetip concept was conceived as an approach to reduce the high proba-
bilities of thermostructural failure associated with the monolithic tungsten designs. With this tech-
nique, the subtip is manufactured in the same external shape as the monolithic designs, but is
comprised of a number of small components. This results in lower thermal stresses it the segments
because of the smaller temperature gradients in the smaller components and because of the ability
of the segments to deform elastically under the influence of the temperature gradient. The prcbability
of failure also is reduced by the smaller unit volumes of highly stressed material. Because a frac-
ture in one segment cannot propagate across the segment boundaries, any fracture that does occur
will not result in a catastrophic failure of the assembly, thereby providing a form of artificial frac-
ture toughness.

Several analytical and experimental programs were performed to develop and validate
the segmented subtip concept. An early test program was run at the Air Force Flight Dynamics
Laboratory (AFFDL) 50 megawatt arc-jet facility in November 1974 (Reference 24) to evaluate the
basic feasibility of the segmented concept and to compare several preliminary designs. A particular
objective of the tests was to determine if the segmented models would experience increased heating
and surface recession at the segment boundaries. The results indicated that the segmented models
had about the same total recession as solid tungsten models, but that some configurations had a
greater tendency to form scallop patterns in regions of segment boundaries.

After concept feasibility was demonstrated in the initial ground test program, analyses
were performed to select optimum segment configurations and to improve design and construction
details. An additional test series was then run in the 50 megawatt facility to evaluate the improved
designs. This section describes the segment design analyses and the second 50 megawatt ablation
test program (Reference 25). Later sections present the results of flight test evaluations of seg-
mented nosetip designs.

3.1 SEGMENT DESIGN ANALYSES

Analyses were performed to predict the thern . stress response of subtip components
in a flight environment. The calculations were performed with the SAAS III finite element computer
code (Reference 14) using material properties for extruded billets of two-percent thoriated tungsien
(Section 2.6.2). The analyses accounted for temperature-dependent material properties with nonlinear
stress-strain curves. Time-dependent external shapes, pressure loads, and internal temperatures
were predicted with the NOSEC computer code (Reference 7) and were included in the analyses.

The probability of crack initiation was estimated from the Priddy stress-based failure
criterion for brittie anisotropic materials (Appendix A) using the predicted stress distribations.
This criterion accounts for arbitrary stress states and multiaxial stress interactions using nine mea-
surable strength parameters to describe the failure characteristics of a transversely isotropic mate-
rial. The nine strengths required by the Priddy criterion were bascd on characterization results for
extruded two-percent thoriated tungsten (Section 2.6.2). The probability of crack initiation at any
point in the subtip was calculated from the proximity of the stress vector to failure surfaces defined
for .arious probabilities of failure by application of the Priddy criterion to uniaxial data reduced by
Weibull statistics. Volume effect corrections also were applied to the failure probability of each
volume of material represented by a finite clement in the computer code.
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The overall probability of crack initiation in any component of the subtip was calculated
from the cumulative product of finite-element probabilities over all brittle elements (below 400°F)
expressed by:

PF=1-II(1-Pf) @)

where Py is the probability of crack initiation in any single brittle element, and Py is the overall
probability of crack initiation for the entire component.

The thermostructural responses of the segment and stud components of the segmented
subtip were calculated for the design shown in Figure 60 and expressed in terms of compoenent proba-
bility of failure. These results were compared to results for a monolithic design of the same exter-
nal shape. Segment thicknesses and cone angles were varied to establish guidelines for optimizing
the design. Thick segments with shallow cone angles are less costly to manufacture, but generate
higher thermal stresses because they are less compliant. That is, thermal gradients are accommo-
dated more readily by deformation in thin segments with large cone angles. The c->mputed failure
probability is plotted in Figure 61 as a function of segment aspect ratio (defined as the ratio of thick-
ness, t, to outside radius, R) for forward, middle, and aft segments with 35-degree cone angies.
Al cases analyzed fall close to 2 common curve, illustrating the dominating effect of aspect ratio.
Low failure probabilities can be achieved by designing 21l segments with aspect ratios of 0.10 or
below. This permits thicker segments to be utilized near the aft end of the segment stack for
economy.

Segmented Tungsten Subtip

Primary Nosctip

7

— A
(“—: LT, /7777

= i 4
\\ = ,\///

Figure 60. Segmented tungsten subtip design concept.
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Figure 61. Effect of aspect ratio on thermostructural
response of subtip secgments.

Figure 62 shows the effect of cone angle on the thermostructursl response of the middle
segment with a thickness of 0.230 inch. It can b scen timt segment cone angles of about 35 degrees
are required to achieve high surcival probabilitics by segment deformaticn under thermal gradieats,
but that larger cone angles have only marginal additional benefit. According to these fizures. high
scgment survival probabilitics are possible with reasomable desizn combinations of segment thickness
and cone angle.
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Calculated failure probability histories for the segmented subtip components, including
the stud, and for a monolithic subtip are shown in Figure 63. Although the stud generates maximum
stresses of the same order as the monolithic subtip, the critically stressed volume is much lower
and, with the lower transverse stress, results in a much lower probability of failure. The subtip
segments are 0.250-inch thick and have 35-degree half-cone angles. The improvement in survival
probability offered by the segmented construction approach is apparent.
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Figure 63. Tungsten subtip thermostructural response summary.

The failure probabilities shown ir Figures 61, 62, and 63 were calculated using the failure
characteristics of three-inch diameter extruded two-percent thoriated tungsten (Section 2. 6.2) to
provide a direct evaluation of the effect of the segmented design relative to the r. onolithic design.
However, significant material improvements are available for the segmented design which make this
comparison very conservative. It is probable that large additional improvements can be accomplished
by optimizing the methods for fabricating the segments. For example, the segments could be coined
from cross-rolled tungsten plate or forged and coined from pressed and sintered billets. Since these
forms of tungsten generally are more flaw-free and have much more cold work than the large diameter
extruded billets, the resultant segments should have significantly higher failure strengths and lower
ductile-brittle transition temperatures (DBTT) than segments made from extrusions. Consequently,
it is reasonable to expect much lower failure probabilities than those indicated in Figures 61, 62, and
63. In addition, the stud can be fabricated from a smaller diameter extrusion or swaging and, con-
sequently, can be upset-forged to improve the transverse properties by producing a more equiaxial
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grain structure. Since the monolithic subtips tested previously (Section 2.0) were critical with
respect to transverse direction properties, it {s also reasonable to expect that upset-forging of the
small diameter billets will improve the thermostructural performance of the stud.

Artificial fracture toughness provided by segment boundaries, although not assessed
quantitatively, is believed to be another major advantage of the segmented tungsten design concept.
Cracks initiating in any component can propagate only to the nearest boundary. Because of the design
geometry, several adjacent segments must fail to permit loss of material. Cracks in the stud re-
sulting from transverse stresses can propagate only to the segment-stack boundary and the segments
should restrict the crack from opening.

3.2 ABLATION TEST PROGRAM

After the initial ground test program (Reference 24), several important improvements
were made in segmented nosetip designs. The new features, which ywere evaluated in the present
test series, included:

1. Selection of forward-facing cones as the optimum segment con-
figuration, based on evaluations of the test results and additional
analyses (Section 3. 1),

2. Addition of a tapered center stud to provide positive retention of
the segments.

3. Use of forged segments to improve mechanical properties and to
reduce material consumption.

4. Use of thermocouples between segments to provide an indication
of the axial recession history.

The segmented tungsten subtip models tested in this series were designed primarily to
investigate the ablation behavior relative to monolithic designs. No attempt was made to produce a
specimen configuration that would provide a meaningful thermostructural test of the concept. In
principal, this objective would be very difficult to achieve because of the size constraints and the
heating distribution in the arc-jet environment.

Another erosion-resistant nosetip (ERN) design concept was also studied in the previous
test program. The essential components in this design were a copper-infiltrated tungsten core and
a surrounding solid tungsten sleeve. The purpose of the solid sleeve was to prevent loss of the
melted copper infiltrant to the low-pressure sidewall region, which would reduce the transpiration
cooling effectiveness in the stagnation region. This concept was tested in a cone-cylinder configu-
ration and experienced lower recession rates than solid models of either pure tungsten or copper-
infiltrated tungsten (Reference 26). This sleeve construction has since been adapted to the more
conventional sphere-cone nosetip configuration. In addition, a design is being considered in which
copper-infiltrated tungsten segments are used in conjunction with an infiltrated tungsten core. Models
based on both of those infiltrated tungsten concepts were included in the current tests.

The test series also afforded an opportunity for ablation gage experiments. A shear wave
pulse/echo ultrasonic gage had been selected previously for development as a tungsten ablation sensor
(Reference 2). However, in the most recent flight and ground tests of the shear wave gage, unaccept-
able degradation of the echo signal strength occurred. Thus, two alternate ultrasonic ablation sensor

concepts were tested in the current series:
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1. A compression wave pulse/echo gage and,
2. a compression wave resonant frequency gage.

Both of these concepts were expected to benefit from the lower attenuation coefficient of compression
waves (relative to shear waves) in hot tungsten (Reference 27). The resonant wave sensor had the
added advantage of lower carrier frequencies.

3.2.1 Model Descriptions

3.2.1.1  Ablation Models

The ablation test models consisted of six different designs, fllustrated in Figure 64,
which were selected to evaluate various aspects of segmented nosetip design and fabrication. All
models had the same external sphere-cone geometry to eliminate the effects of shape differences on
ablation performance.

TRANSDUCER ¢ THERMOCOUPLE LOCATIONS
(PULSE/ECHO)

TRANSDUCER
(RESONANCE) COPPER-INF lLTRA'l ED TU\GS’I‘EN CORE
SOLID TUNGSTEN SLEEVE

TRANSDUCER

1 i SR
;‘.‘1\\\:“.\“‘“
L e

W S
QTN D a e \]
N

COPPER-INFILTRATED TUNGSTEN CORE
0.120-inch W AND W/Cu SEGMENTS

SEGMENTED TUNGSTEN - 0.010 and 0.045-inch SEGMENTS
Pigure v4. Model configurations.

The solid (monolithic) configuration was included as a tare model to provide a reference
basis for the ablation performance comparison. These models were machined from a 2 5/8-inch
diameter billet of extruded commercially pure tungsten fabricated by the General Electric Company
(G.E.), Cleveland, Ohio.

All three types of segmented tungsten models were of the same basic design, as indicated
in Figure 64. Three different segment thicknesses were used to assess the effect of this parameter
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on thermal and structural performance. The segmented models all utilized a tapered center stud to
provide positive retention of the segments during ablation. The studs were all machined from three-
inch diameter billets of extruded tungsten two-percent thoria fabricated by G.E., Cleveland. The
large aft segment on all models was machined from the same commercially pure tungsten used for
the solid tare models.

The 0.120-inch thick segments were constructed by first cutting 0.25-inch thick discs
from the 2 5/8-inch diameter commercially pure tungsten billets. These discs were then upset-
forged to 0.125-inch thickness, and then forged (coined) to the final conical shape, and finish-
machined to the 0.120-inch thickness.

The 0.045-inch thich segments were constructed from 0.060-inch thick sheets of com-
mercially pure tungsten supplied by Schwarzkopf Development Corporation. These segments were
coined to the conical shape and then finish-machined to the final 0. 045-inch thickness.

The 0.010-inch thick segments were coined from 0.010-inch thick sheets of commercially
pure tungsten supplied by AMAX, Inc. These segments were brazed together and then machined as
a unit to the final conical shape. The small thickness made all handling and machining operations
for these thin segments very difficult.

Two types of models utilizing infiltrated tungsten were tested. Both types used infiltrated
tungsten supplied by Teledyne Wah Chang of Albany, Oregon. This material was constructed by infil-
trating approximately 10 percent (by weight) of copper into sintered billets of commereially pure
tungsten. The "infiltrated core" models utilized a center stud of this infiltrated tungsten, and a sur-
rounding sleeve made irom the 2 5/8-inch diameter billets of G. E. commercially pure tungsten.

The "infiltrated segments" 1odels had a center stud of infiltrated tungsten surrounded by 0.120-inch
thick segments. Alternate segments were made of commercially pure G.E. tungsten and the copper-
infiltrated tungsten.

3.2.1.2 Model Instrumentation

One of cach type of segmented model was instrumented with in-depth thermocouples. The
0.120-inch thick segmented tungsten and the infiltrated core models cach had six thermocouples
located along the stud as indicated in Figure 64. Each of the other segmented models had four thermo-
couples located at the two forward stations. The exact thermocouple stations are given in Table 20.
Tungsten versus tungsten/26-percent rhenjum thermocouples were used in the two most forward
(hotter) locations, while the remaining thermocouples were platinum versus platinum/13 -percent
rhodium. The types and output ranges of the thermocouples on each model are summarized in
Table 21.

Three models (one solid tungsten, one segmented tungsten, and one infiltrated segments)

were instrumented with K West ultrasonic ablation sensor transducers bonded to the back surface as
illustrated in Figurce 64. A Chromel/Alumel thermocouple also was bonded to the back surface, adja-
cent to the transducer, to measure the approximate temperature history. The sensor on the solid
tungsten model used a pulse/echo (compression wave) transducer with a frequency of 1.15 mHz,
With this type of sensor, the instantancous mordel length is proportional to the round-trip time of the
acoustic signal (Reference 2). The other two sensors utilized a newly developed resonant frequency
technique in which the model length is inversely proportional to the frequency at which resonance is
observed to occur,
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Table 20, Thermocouple locations in segmented models.

AXLAL DISTANCE FROM STAGNATION POINT (INCID
MODEL* 7

TC 1 e 2 TC 3 TCH4 s TC 6
1-2 0.570 0. 882 1.320 0.525 0.917 1,318
1-3 9,620 0,985 1.430 0.600 0.970 1.410
1-4 0.637 0.913 0,552 0.912
2-3 0.510 0.9502 0.514 4.918
3-3 0.555 0. 599 0.568 0.955

* Seo Table 22 for model numbor identiffeations,

‘Table 21. Thermocouple instrumentation summary.

RACK STRUT THERMOCOUPLLS
NO. NO. MODEL NQ.§ TYPE® RANGE (MV)
1 1 Solid Tungsten 1 R 0 - 50
2 Sepmented: 0.120-inch 2 G 0 - 50
segments 4 R 0-25
3 Infiltrated Core 2 G 0-50
4 R 025
4 Infiltrated Sepments 2 G [UR)
2 R 0-25
5 Catlorimeter
2 1 Segmented: 0.120-tnch
sepments
3 Thin Sheet: 0.010-inch 2 G 0-50
segments 2 R 0-~25
5 Calorimeter 5 K 0«50
3 1 tnfiltrated Segments 1 K 0~ 50
5 Thin Sheet: 0,0t5-inch 2 G 0~ 50
segments 2 R 0-25

*Thormocouple Types:

R Chromoel vorsus Alumel
G Tungsten versus Tungsten 26 percent Rhenlum
R Platinum versus Platinum 13 porcent Rhodium

e T T N T N Y ey oy e e PP N T R WA A T T R TR MYy L R e T Y eyt

AP LA AN PP

e

P FLRECLA LS KAy Bt kAR S 1w S AN AT B o B AT Mo 6 ok L T8 et M AT WX 1k

s

Al N P i N A s AR I YR WA e

Sorem

Py sy

£

c



AT A e mm e

3.2.1.3 Rotating Sting

One of each type of ablation model was modiffed for installation on a rotating sting assem-
bly (Reference 28). In these tests, the models were rotated continuously throughout the test in an
attempt to climinate the effects of possible flowfield asymmetries on ablation and thermostructural
performance. The rotating sting system is illustrated in Figure 65. The rotating hub, which serves
as the specimen holder, is driven by a 1/3 horsepower compressed air motor. At design conditions,
the motor consumes 15 ¢fm of air at a source pressure of 90 psi. The stall torque is 156 inch-pounds.

housing and exhausted out of the annular gap between the hub and the fixed sting assemblies. This
delivers maximum cooling to the critical thrust bearing area and, at the same time, purges the sting

interior of hot gases.

8.750 —

Y

5.125

2.875 Dia.
i 875 Dia. _ , 625 Dia.
9 Y
//'

1-1/8-16 NS-2A THD

TEST MODEIL

PHRENOLIC SILICA

HEATSHIELD STEEL HOUSING

l— AIR MOTOR

Figure 65. Rotating sting assembly.
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The sting/ablation model assembly was 8.75 inches long from the specimen tip to the
interface with the facility strut. It was designed to mate directly to the strut. The 1/4-inch copper

Bl tube airline passes through the instrumentation lead passage.
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3.2.2 Test Description

3.2.2.1  Facility Description

) The tests were performed in the Reentry Nosetip (RENT) leg of the Air Force Flight
i Dynamics Laboratory (AFFDL) 50 megawatt arc-jet facility. The general layout of the facility is
illustrated in Figures 66 and 67. A complete description of the facility is given in Reference 29.

i
The models were mounted on a linear motion model carriage for sequential insertion
into the test stream. The carriage has five struts laterally spaced one foot apart, as illustrated

98

The cold, expended air is routed around the motor case through passages in the front of the motor
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Figure 66. AFFDL 50 MW arc-jet RENT test leg schematic.
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Figure 67. AFFDL 50 MW arc-jet RENT test scction and model support.
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in Figure 67. Each strut has a servo-controlled axial drive system, coupled to an infrared sensor,
that can be used to control the models at a specified constant location. For the present tests, the
models were maintained at a constant distance of approximately 0.1 inch from the nozzle exit plane.

3.2.2.2 Test Conditions

All of the runs were made with the 1. 38-inch exit diameter flaved nozzle (10138F) with
a reservoir pressure of 1500 psig. The nominal dwell time (model on flow axis) was two seconds.
‘The nozzle contour is shown in Figure 68. Since the flow leaving the nozzle is expanding, the pres-
sure continues to decline aleng the test scction centerline. At the test location of 0.1 inch from the
nozzle exit plane, the model stagnation pressure is approximately 75 atmospheres. In the mode of
operation used in these tests, there is a strong radial variation of enthalpy, with the peak value
occurring at the centerline. Since the flow at the edge of the model boundary layer comes from the
hot central core, this produces an cffective stagmation enthalpy of about G000 Btu/1b.

25 R
1.00 0.2 N\(}

Lty
/ ﬁ/ PLUML
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7.00R
ARC wg_qo_z

/ /

Figure 65. AFFDL 50 MW arc-jet 1.00/1. 38 solid nozzle.

3.2.2.3 Data Sources

Several ablation models were equipped with recession sensors and in-depth thermocouples,
as deseribed in Section 3.2.1.2. However, the principal source of ablation data was high-speed
motion picture films. All runs were photographed by three cameras: two Photosonic cameras
sighted from either side of the models, and one overhead Hycam camera. The Photosonic cameras
used black-and-white film and were operated at approximately 1000 frames/second, The Hycam
used color film and was operated at a nominal speed of 100 frames/second.  Three pyrometers were
focused as near as possible to the model stagnation poiut.

2.2.4 Test Matrix

[+

.

The complete tost matrix is summarized in Table 22, A total of 20 madels were tested,
consisting of two solid tungsten tare models, 16 segmented models, and two calorimeter models.
The calorimeter model contained five null-point sensors (with Clu omel/Alumel thermocouples) at
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the locations indicated in Figure 69. This model was included on two of the racks to obtain both an
indication of the consistency of the test conditions during this series and a comparison with previous
tungsten ablation tests.

Table 22. Test matrix — segmented tungsten ablation test program.

e e om

Actual Dunell
Iicater Strut Model Ty Model Number of Ablation Rotating Time
Jun No, No, * pe Number § Thermocouples Gage Ring {scc)
1 Infiltrated Scgments 3-1 1 Resonant No 1.80
2 Thin Sheet: 0,010 Segments 4-2 0 No Yes 1,57
RG2-006 § 3 Segmented: 0,120 Sepments 2-1 1 Resonant No 1,85
4 Segmented: 0,120 Segments 3-2 0 No Yes 1.7
5 Calorimeter Cal 5 No No Swept
1 Solid Tungstrn 1-1 1 Pulse/Echo No 1.82
2 Solfd Tungsten 2-2 1] No Yes 1,58
R62-007 3 Thin Skeet: 0,045 Segments 4=3 0 No No 1,86
4 Thin Sheet: 0,045 Scgments 3-4 0 No Yes 1,98
5 Calorimeter Cal 5 No No Swept
1 infiltrated Core -5 1] No No 1,91
2 Infiltrated Core 2~ 0 No Yes 1.96
R62-008 § 3 Segmented: 0,120 Segments =1 0 No No 1.9
4 Infiltrated Segments 4= 0 No Yes 1.56
5 Scgmented: 0,120 Segments 1-2 [ No No 1.31
1 Thin Shcet: 0.010 Segments 4-5 0 No No 1.87
2 < uin Sheet: 0,010 Segments 3-3 4 No No 1.90
R62-009 | 3 Tuin Sheet: 0.045 Scgments 2-3 4 No No 1,90
1 infiltrated Scgments 1-4 4 No No 1,97
S Infiltrated Core 1-3 6 No No 1.9
1. 00
rl—--—-— 120 IN MIN———
i
gﬂ‘ 2.l 00 Dia
r
m——/' i 0.250R
/ ._/-'. / o
L /)

Threaded Adaptor

Figure 69. Calorimeter model.

101

o A9 Y o 3

Lk g L rnte i AN

" T




T s i o
S T e
- Ty «f‘}:,‘,ﬁ'—cg~-:.4 PN

3.2.3 Test Results

In this section, the physical data and evidence obtained during the program are presented.
Post-test analyses and data interpretation are discussed in Section 3.2.4.

3.2.3.1 Ablation Performance

After completion of the tests, the models were inspected and photographed. Overall
recession depths were obtained by comparisons of pre-test and post-test measurements. Recession
histories were obtained from the motion picture films; the films were also reviewed for loss of solid
material and other significant events.

Post-test photographs of the models, grouped according to type, are shown in Figures 70
through 75. The general appearance of the models can be summarized as follows:

1. All of the spinning models ablated symmetrically. The appearance
of the ablating face of these rotating models also was superior,
with a more uniform texture than the comparable non-spinning ver-
sions (e.g., Figures 70 and 72).

2. The segments of the non-spinning 0.010-inch thin-sheet models
were separated and badly warped, especially in Model 4-5
(Figure 71).

3. The ablating faces of the infiltrated segment models were nearly
planar (Figure 74). The faces of the two non-spinning versions
were at an angle to the model axis. The face of Model 3-1 was
slightly concave. _

4. The tungsten sleeves of all of the infiltrated core models ablated
into a "turbulent shape" with scallop patterns (Figure 75). None
of the other models had such patterns.

The motion pictures showed that the distortion in the two non-spinning thin-sheet (0.010-inch segments)

models occurred upon exit from the jet. During the dwell period at the jet centerline, the models
ablated in a normal fashion. However, as they moved laterally through the jet boundary, the segments
spread apart and several segments were torn from each model. No similar spreading of segments
occurred in the spinning version; however, the remnants of one 0.120-inch segment which had nearly
ablated away, was torn from the model at exit. No solid material loss was observed from any of the
other models tested. )

The movies also revealed some unexpected behavior in the non-spinning infiltrated seg-
ment models. These models ablated normally until the forward pure tungsten segment ablaied through
at one point on the periphery. The nose caps then became asymmetric very rapidly due to the rela-

tively high ablation rate of the locally exposed infiltrated tungsten. In the case of Model 3-1 (Figure 74),

in particular, there was a strong coupling between the nose shape and flowfield, which promoted the
asymmetry. About halfway through the two-second dwell period, the nose formed into a concave
wedge, which deflected the hot enthalpy core, as indicated in Figure 76. Thereafter, there was
almost no recession of the wedge leading edge. Thus, the angle between the face and the model axis
continued to decrease throughout the test, while the overail model length remained nearly constant.

The axial recession histories obtained from the motion pictures, along with the indicated
steady-state recession rates are shown in Appendix B. The recession results are summarized in
Table 23,
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Table 23. Recession data summary — segmented tungsten models.

Overall Avcragc(l) Steady stato(z) @
Model § Recession Recession Recesston Model 'Type Observations
No. (inch) Rate (in/sec) Rate (in/scc) i
- 1-1 0.607 0.334 0.427 Solid Tungsten
: 1-2 0.781 0.431 0.465 0.120 Scgments
3 1-3 0.828 0.434 0.445 Inflitrated Core ;
£ ;_ 1-4 0.750 0,381 0.366 Infiltrated Segments Concave angular face ’
o 2-1 0.553 0.299 0.350 0.120 Segments
i 2-2 0.765 0.407 0.453 Solid Tungsten (5)
i 2-3 0.715 0.376 0.371 0.045 Thin Sheet
: 2-4 0. 764 0,391 0.417 Infiltrated Core (S) e
3-1 0.340 0.189 0.281(4) Inflltrated Scgments }\Il?hg‘la“::s {a‘;"::n‘c'ﬁ{.lc”cmt'i Oy ’
3-2 0.499 0.287 0.319 0.120 Segments (S) Secments billowed out w/lons .
3-3 0.808 0.425 0.433 0.010 Thin Sheet o(i':::ral " :::ﬂ:‘;x“‘; ‘
3-4 0.750 0.380 0.432 0.045 Thin Sheet (S) o I
3.5 0.670 0,351 0.350 Infiltrated Core
4-1 0.768 0.405 0.410 0. 120 Segments i
4-2 0.626 0.335 0.428 0.010 Thin Sheet (S) Singlo partial segment lost £
4-3 0.629 0.337 0.343 0.045 Thin Sheet B
4-4 0.904 0.486 0.528 Infiltrated Segments (S) !
4 0.654 0.350 0.358 0.010 Thin Skeot ﬁi‘;’\°:::l‘::"‘:;‘f7"‘:‘;“;‘t/ Joss

(1) Overall recession divided by dwell time. I
(2) Rccession rate after initial transient; obtalned from motlon plcture data.
3) (S) After model type designates model was spinning.
(4) Rate before hot enthalpy core was completely deflected (seo test).

Final overall recesslon rate was almost zero.
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3.2.3.2 Thermostructural Performance

No gross thermostructural failures occurred on any of the models. However, close
inspection revealed a fine crack in one of the 0.045-inch segments of Model 4-3; the crack occurred
in one of the partially ablated segments exposed on the face of the model. A similar crack was found
in one of the badly distorted 0.010 segments of Model 4-5. Inspection showed the fracture surfaces
were bright and free of oxidation. Metallographic examination revealed that the fractures were inter-
granular and ductile in nature, indicating that they occurred during cooldown or, possibly, as the
model left the jet.

3.2.3.3 Instrumentation Data

Three types of instrumentation data were obtained: 1) segmented model thermocouple
temperature histories, 2) calorimeter data, and 3) ultrasonic ablation gage data. The reduced thermo-
couple data for each segmented model are given in Figures B-19 through B-23 of Appendix B. (The
thermocouples adjacent to the ultrasonic transducers were included for diagnostic purposes only.

As the transducers did not change temperature during the test, data for these thermocouples are not
presented.)

PDA has now run several 50 MW tests with the same basic model configuration as in the
present tests (15° half-angle cone with a 0.25-inch nose radius). As no sidewall heating data were
available for this configuration, calorimeter model tests were included in an earlier facility entry
(Reference 24). However, only one run was made with the 10138 nozzle, and the data for that run
are doubtful because the null-point calorimeters were not flush with the model surface.

Thus, for the present series, the null points were replaced and a total of four new runs
were completed. (Two of the four runs were made in a contiguous series of PDA 50 MW tests (Ref-
erence 28). However, the data for all four runs are presented here.)

The calorimeter model geometry is shown in Figure 69. For the present runs, the model
was oriented with the three-sensor ray facing up as indicated in the figure. In the run of Reference 24,
the sensor ray faced down.

The mean and ran§e of the stagnation point heat flux measured for all four of the present
runs was 11,350 + 1400 Btu/ft”-sec. The sidewall heat fluxes are plotted in Figure 77. The circles
represent the data means for each location, while the vertical bars indicate the range. As canbe
seen, the single calorimeter on the bottom ray recorded a higher heat flux than the corresponding
sensor on the top ray. The data of Reference 24 also indicated higher heating along the bottom ray.
To complete the bottom ray curve, two data points from Reference 24 are also plotted on Figure 77;
however, because of the null-point problem mentioned previously, these points must be accepted
with caution.

The ultrasonic gage data were recorded on magnetic tape. Detailed quantitative analysis
of these data required computer processing using a program available at the Aerospace Corporation.
However, a qualitative evaluation could be obtained from an oscilloscope display of the signal. The
results of such an evaluation were given in Reference 30. The principal conclusions were:

1. The compression wave pulse/echo signal decayed in a manner similar

to the shear wave signal in previous tests. It was not possible to obtain
useful recession measurements from the data.
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2. The resonance peak for the sensor on Model 3-1 moved erratically
and indicated little recession. As noted in Section 3.2.3.1, Model 3-1
ablated in a peculiar manner and, in fact, little overall recession
occurred.

3. The resonance peak for the sensor on Model 2-1 generally behaved ;

as expected.

&
g

B T T LT

Thus, the outpul from the Model 2-1 sensor was selected for detailed processing.

G

S TN et S e vt

£ DATA RANGE FOR CURRENT !
e AND CONTIGUOUS SERIES
= 40005- A\ DATA POINTS FROM REF 22
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Figure 77. Sidewall heat flux data,
AFFDL 50 MW arc-jet.

The computer processing was completed under the direction of S. Howell of the Aerospace
Corporation. Figure 78 shows the processed data for the time interval of interest. The frames, each
covering a time interval of 0.1 second, are arranged in a vertical display. The left boundary corre-
sponds to a frequency of 50 kHz, the right boundary to 150 kHz. Several resonances are visible in
this interval. Pre-test experiments indicated that the 3/2 wave resonance, initially at a frequency
of approximately 100 kHz, gave the clearest indication of recession. A dashed line on Figure 78
traces the history of this resonance.

A i o

3.2.4 Data Analysis and Evaluation

3.2.4.1 Ablation Performance

For a convenient comparison by model type, the steady-state axial recession rate data :
from Table 23 are plotted in bar-graph form in Figure 79. The data from the rotating models are :
considered to be the more reliable indicators of the relative ablation performance expected in flight,
since possible coupled effects of nose asymmetries on the test environment are precluded. Such
effects were particularly evident on the non-rotating infiltrated segment models (Section 3.2.3.1
and Figure 74).
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The obvious conclusion from Figure 79 is that the ablation performance of the segmented
concepts was at least as good as for the solid tungsten models. The infiltrated segment concept is a
possible exception, since Model 4-4 receded slightly more than the rotating solid model (No. 2-2).

With the exception of the infiltrated segment models, the recession rates for all of the
tests lie within a band of 0.4 inch/second + 20 percent. The data suggest that the + 20 percent scatter
is random in nature and unrelated to the model type (i.e., normal scatter for this test facility). The
scatter in the recessions of the four 0.120-inch segment models, for example, is nearly as great as 8
the scatter for the entire data set (again excluding the infiltrated segment models). The spread in ]
tiie data for the spinning models also is of the same order as the scatter for the entire population.
Thus, it is concluded that, with the possible exception of the infiltrated segment models, all of the
segmented models ablated the same as the solid tungsten specimens within experimental exrror. :

It may be noted that even the 0.010-inch thin-sheet models ablates at the same : «wady-
state rate as solid tungsten; all mechanical material loss and distortion occurred at the end of the
test, as the models left the jet. However, as the 0.010 sheets dre apparently fragile at high ten:-
peratures, and may be subject to mechanical loss at angle-of-attack, the thin-sheet concept w.iS
down rated.

The infiltrated segment concept is difficult to evaluate. Since the recession rates of the
non-spinning models were affected by the flowfield/nose shape coupling (Section 3.2.3.1), there is,
in effect, only one recession rate data point available. The recession rate of the spinning infiltrated
segment model (4-4) was only 9 percent higher than the recession rate of the spinning solid tungsten
model, hardly a statistically meaningful difference. Still, Model 4-4 did recede faster than any other f
model tested, 31 percent faster than the average. Thus, as the concept offers no particular advan- i
tage over the segmented tungsten designs, further development does not seem warranted. &

o et T g dbwe ey ooy o e v e T )

YIRSy

The three infiltrated core models all ablated at close to the nominal rate (0.4 inch/second),
with very little scatter. Scallop patterns and a "'turbulent shape" did form on these models; however,
the axial recession rate apparently was not affected. The satisfactory ablation performance of these !
models is significant, since a copper-infiltrated core has the potential of improving the thermostruc-
tural margin of segmented tungsten nosetip designs.

The 0.045-inch and 0. 120-inch segment concepts both performed satisfactorily. The \
spinning versions of these designs, in particular, ablated very smoothly and evenly.

3.2.4.2 Instrumentation

-

T
*

The three types of instrumentation evaluated were: 1) thermocouples, 2) the pulse/echo :
acoustic gage, and 3) the resonant frequency ablation gage. The potential application of all three is

o
)

» « to measure the in-flight recession rate of tungsten nosetips. §
§ Encouraging test results were obtained only for the resonant frequency gage. As noted :
21 in Section 3.2.3.3, the signal from the compression wave pulse/echo gage attenuated to unacceptable

% levels before any measurable recession occurred. Attempts to correlate the thermocouple tempera- |

ture histories (Appendix B) with recession also were vasuccessful. In general, the thermocouples
either failed or reached maximum calibration temperaturc well before becoming exposed by ablation.
Neither the failure times nor the rate of temperature rise could be related to recession. The data
suggest that hot gas l~akage may have been the dominant source of run-to-run temperature variations. ¥ |
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As stated in Section 3.2.3.3, only the resonance gage data for Model 2-1 were analyzed
in detail. The steps in the analysis, following the theory outlined in Section 6.1, were:

1. The 3/2 wave resonant frequency history was obtained from

! Figure 78 (dashed line).

2. From the resonant frequency history (f), the history of the
acoustic wave round trip time /-ro) was computed from the
formula 7, = 3/f.

3. The "apparent length' (L) history of the tungsten stud was
obtained from C olo* where C ° is the room temperature

Ly=—5—

speed of sound in tungsten.
4. The actual length history was obtained by adding an analyti-
cally determined "temperature correction' to the apparent

length.

To obtain the temperature correction, the internal nosetip temperature distributions were 3
calculated for the 50 MWV environment using the NOSEC computer code (described in Reference 7). 1
Figure 80 shows the degree of correlation between the actual model shape change history (from the
motion picture data) and the shape change calculated with the NOSEC code. Figure 81 (a) shows the
‘ calculated axial temperature profiles, while Figure 81 (b) gives the tungsten speed of sound variation
; with temperature (from References 2 and 31). The resultant temperature correction history is given
in Figure 82.

o o 3 oty
NN NN A AT,

A
Fou AN i

T )

MOVIE DATA {(OVERHEAD)

ma a4 4 e v mwes

~# — ¥ —= NOSEC COMPUTER
RESULTS

0.25 SEC

R T

O e

0.50 SEC

e st T R Y SR ) VT

L 1 1 ] } L i . 1 J
0 0.5 1.0 .5 2.0 0 0.5 1.0 .5 2.0

AXIAL DISTANCE (INCHES) AXIAL DISTANCE (UNCHES)

Figure 80. Comparison of measured and computed model shapes.

114

o LR
IR i i T
ﬂ'ﬂ”ﬂ"ﬂﬁm

W““‘.
i




et C Ry - g T Sy R Sl
f:@nw%:ﬁ&%%gﬁii?ﬁow!ﬂ%ﬁw

- - e TR = - e

8000 ¢ (o) COMPUTED AXIAL TEMPERATURE DISTRIBUTION

6000

4000 1.85 SEC

TEMPERATURE (*F)

2000

M AR TS A

(R N

% 0.5 1.0 1.5 2.0 2.5 3.0 o
AXIAL STATION (INCHES) -
1.0
{b) EFFECT OF TEMPERATURE
ON SPEED OF SOUND :
SOLID LINE SUPPORIED IN TUNGSTEN :
o 0.8} sy LABORATORY DATA ® ~JEXTENSIONAL WAVES) N
2 DASHED LINE BASED ON \\
oS SAMS FLIGHT CORRELATION (REF 7) N q
5 o.ef \ i
o o
w 4
& ;
v 3 :
g 0.4}
S ® LOWRIE & GONAS (REF 15) o
3 AND PANAMETRICS RESISTANCE T
Z o HEATED FILAMENT DATA (UNPUBLISHED) :
z
0 ' 3 [ 1 ] J
0 1000 2000 3000 4000  S000 €000

TEMPERATURE (*F)

Figure 81. Data for temperature correction calculation.

SR YA IR 23 et
*

o)
! "
%@‘n»,‘.w. i




e o

T

iohos 4

ki

it o ] el

TEMPERATURE CORRECTION (IN)

TIME (5£C)

Figure 82. Temperature correction history.

The final result of the resonance gage data analysis is presented in Figure §3. The cor-
rected ablation gage data (solid circles) are compared with the motion picture recession data of
Figure B-11 (Appendix B). As can lze seen, the agreement is excellent.

<580 2 North Camera i+

o South Camera /
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Figurc 83. Comparison of measured and actual recession
histories of segmented tungsten ablation model.
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3.2.5 Conclusions
The principal conclusions from the test series are:

1. Segmentation of tungsten nosetips has no detrimental effect on
ablation performance.

2. Al of the segmented des'gns ablated satisfactorily when the
models were on flow centerline. However, the 0.010-inch 3
thick "thin-sheet" segments used in one design deformed and to
tore under the side loads generated during flow exit.

3. Al of the models exhibited satisfactory thermostructural
performance in the test environment.

4. The resonant frequency ablation gage successfully measured
the recession of a segmented tungsten model. S

5. The compression wave pulse/echo gage is unsatisfactory as
a tungsten ablation sensor.

6. The in-depth thermocouple temperature histories could not
be correlated with ablation.
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4.0 HEARTS/ERN DESIGNS

Tungsten nosetips were flight-tested on HEARTS (Hydrometcor Erosion And Eecession
Test System) reentry vehicles as an intermediate evaluation step prior to full-scale ICBM flights on
A.N.T. reentry vehicles. Other ERN flight tests were performed in the SAMS program (Reference 2)
and in the FLAME program (Section 5.0). The HEARTS vehicles (Reference 32) were launched on
Athena C and D boosters and attained entry velocities (Ve) of approximately 1S, 000 ft/sec at flight
path angles (7;) of around 35 degrees.

Two monolithic tungsten nosetips and onc segmented tungsten nosetip were built for the
flight test program. Onec monolithic nosetip was destroyed in a vehicle lamch malfunction, and the
other two nosctips experienced saccessful flight tests.  Each nosetip was covered with a teflon glove
designed to burn through and expose the tungsten at an altitude of approximately 35 kft, thereby simu-
lating anticipated conditions for flight through crosive weather eavironmeats.

This section describes the thermal and structural design amalyses of the two HEARTS/ERN
configurations and briefly summarizes the flight results. The basic dbjectives of these flights were
to: 1) evaluate the thermal and structural performance of tungsten nosetips in actual flight environ-
ments, and 2) evaluate the effect of the segmented construction on thermostructural performance.
However, it was recognized that the thermostructural environment in the HEARTS flights would be
less severe than on a full-scale ICBM flight (such as the A.N.T. vchicles). Therefore, the main
emphasis of these designs was to evaluate the cffect of the segmented boundaries on nosetip recession
characteristics. 1t also should be noted that the design was compromised somewhat to accommodate
an acoustic recession gage and thermocouples installed between the segments.  Conscquently, the
desigres were not optimized for thermostructural periormance. and raargin-of-safety comparisons
between the two designs should not be taken as an indication of the maximum improvement obtainable
with the segmented construction technique.

The HEARTS monolithic and segmented turgsten nosetip designs are shown in Figures S
and $5, respectively. Both designs were sphere-ogive-cone configurations to duplicate the shape of
a proposed erosion-resistant insert being designed by the General Electric Company as a potential
Mark 12 nosectip modification. The monolithic nosetip was machimed from a 2.62-inch diameter ex-
truded billet of Sylvania "fine-grain™ tungsten {the proposed Mark 12 material). The segmented nose-
tip was fabricated from 3. 0-inch diameter extruded billets of 2 percent thoriated tungsten. Each
segment was machined from sections of an extruded billet. as opposed to the apset-forging and coining
method used to fabricate the FLAME nosetip segments {Section 5.0).  Both nosctips atilized a tantalum-
10 percent tungsten alloy sleeve for structaral attachment to the vehicle. The sleeves were shrink-
fitted onto the shank of the plog nosctip with 2 nominal interference of 0.002 inch. The stad and
segmmtstackasscmblyinthesegmeateddwignwrcrd:inedb;ahmhmmtthrc:.dcdtothe:lﬁ
end of the stud. The nat was reacted against a spring washer to provide limited movement to accom-
modate thermal expansion of the segment stack relative to the stad.

1.1 DESIGN ANALYSES

1.1.1 Thermal Amalysis

Calculations were performed to predict the acrothermal response of the solid and seg-
mented HEARTS/ERN designs illustrated in Figures $1 and §5.  The calculations assumed a clear air
environment and used the two design trajectories shown in Figures $6 and 37 (from Refereace 32).
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Both trajectories had planned entry flight path angles (‘ye) of 35 dogrees, with the small difference in
entry velocities (Vg corresponding to the two different boosters used in the HEARTS II program.
Most of the design calculations used the slightly more severe Trajactory No, 2 (Figurc 87).

Two-dimensional ncdal networks were constructed to represent the two nosetips for the
heat conduction calculations. The networks for the solid and segmented designs are illustrated in
Figuros 88 and 89, respoctively. Two thormal models were considered to describe heat conduction
in thoe sogmoented nosetip. In the first model, perfect thermal contact was assumed between all com-
ponents. This, of course, is equivalent to the solid nosetip network (Figure 88) and produces the
maximum temperature gradients in the nosetip. TFor the second model, the segments and collar
were assumed to be in perfect thermal contact, and this assembly was considered to be perfectly
insulatod from the center retention stud (although radiation between the segments and the stud was
pormitted). This second network modol (Figure 89) is believed to be more representative of actual
conditions since the segmonts are maintained in axial compression throughout the flight, but are free
to expand or move relative to the stud.

The ther mophysical properties of tungsten used in the thermal response calculations are
summarized in Table 24. Tho density, melt temperature, specific heat, and heat of fusion were
obtained from Reference 33, and the thermal conductivity data are from Reference 34. The total
Lkemispherical emissivity data were obtained from Reference 35 and are based on measurements
made in a vacuum. No attempt was mado to account for the possible effects of a surface oxide on
the emissivity.

The ablation and heat conduction calculations were performed with the NOSEC (NOsetip
Shape change, Erosion, and Conduction) computer code, which is described in Reference 7. The
thermochemical ablation model for tungsten, described previously (References 22 and 36), assumed
chemical equilibrium in the gas phase with kinetic effects occurring only at the ablating surface.
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Figure 88, Thermal nodal network for solid HEARTS/ERN nosetip.
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Table 24. Thermal properties of tungsten.
Donsity: 1198 /13
Hoat of Fusion: 82.4 Btu/1b :
Melt Temporature:  6110°1 o
TEMPERATURE | CONDUCTIVITY ] SPECIFIC HIEAT | EMISSIVITY
©°F) Btu/ft-sec-F) (Btu/1b-0F)
-10. 0. 02985 0.0310 ——-
2, 0.02021 0.0313 -
50. ——- . 0.043
260, 0.02800 0.0320 0.053
z 620. 0. 02231 0.0333 -
‘B . 930, 0.02054 0.0314 0.036 :
: 1349, 0.01942 0.0353 -
- 1880. 0.01814 0,0375 -—- N
gg 2240, - —-- 0.195
= auo. 0.02605 0.0419 - ]
%_: 4040, - ——- 0.300
]
=Y 4530, 0.03485 0.0487 ~e-
6020, 0.01436 0.0802 ——
6740, ~-- -- 0. 360
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The basic assumptions and methods used in the convective heating calculations were the
same as were used in the A.N.T./ERN detailed design analyses (References 2 and 22). The surface
heat transfer distributions were computed by standard smooth-wall methods and then modified to
account for: 1) the effects of surface roughness on the onset and progression of boundary layer tran-
sition, and 2) the development and increased heating effects of surface roughness.

Boundary layer transition was predicted by the PANT criterion (Reference 37) using a
characteristic surface roughness height of 0.5 mil. The effects of uniformly distributed (sand-grain)
surface roughness on the laminar heating distribution was included using the method of Reference 38.
These laminar calculations used the same effective roughness height as that used in the boundary

layer transition predictions.

After transition is predicted, the local surface roughness height increases and can be
characterized either by a larger sand-grain roughness or by the crosshatched/scallop pattern type
of surface roughness. The sand-grain roughness was assumed to increase at a rate equal to 20 per-
cent of the local surface recession rate, to a maximum value of 2 mils, and the smooth-wall turbu-
lent heat flux was augmented by the expressions of Powars (Reference 38). The formation and
augmented heating effects of crosshatching and/or scallop patterns were described by the methods
of Grabow and White (Reference 39). The scallop pattern type of roughness generally was used for
tungsten in turbulent flow. Sand-grain roughness was used if the scallop formation criterion of
Reference 39 was not satisfied. However, the calculations indicated that scallop patterns would be
predicted in the forward nose region for all reentry cases of interest. (This may represent a defi-
ciency in the analytical modeling for tungsten, since the SAMS/ERN flight results, described in
Reference 2, indicated that the scallop patterns would form only in flight through erosive environ-
ments, However, the higher heating augmentation factors associated with scallop patterns represents
a conservatism in the design calculations. Furthermore, it remained tobe proven if there would be
a greater tendency for scallop pattern formatica in higher performance flight regimes.)

The thermal response of the monolithic design was computed for both design trajectories
(Figures 86 and 87), while the segmented configuration was analyzed only for the more severe Tra-
jectory No, 2 (Figure 87). Tor all three cases, the tungsten was assumed to be exposed suddenly
at an altitude of 35,000 feet, Since the tungsten was covered with a teflon glove prior to the exposure
altitude, the nosetips were assumed to be at a uniform temperature of 70°F at the time of initial

exposure.

The computed stagnation point recession histories for the three cases are shown in
Figure 90. Figures 90 (a) and 90 (b) compare the monolithic nosetip recession histories for the
two design trajectories; as indicated, the difference is very small. The predicted recession history
for the segmented design is presented in Figure 90 (c). The corresponding nosetip profile histories
are illustrated in Figure 91 for all three cases.

Internal temperature distribution histories were computed for use in the nosetip thermo-
structural response predictions (Section 4.1.2). The cemputed in-depth temperatures are illustrated
in Figures 92 and 93 for the solid nosetip and the segmented nosetip stud, respectively. The results
are shown in the form of lines of constant temperature (isotherms) at several different altitudes.

(Note that the scales of the nosetip coordinates are different in different portions of Figures 92 and 93.
This is a result of the response of the automatic plot routine as the nosetip shape changed due to
recession.) These temperatures, along with the computed histories of the nosetip shapes and surface
pressure distributions were output on magnetic tapes for direct input to the structural analysis com-

puter codes.
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First, the brittle material volume effect would probably indicate much lower margins-of -safety than
determined, since the stressed volume is higher than that of the tensile test coupons from which the
strength data were derived.  The other consideration is that of crack propagation. Late-time negative -
margins, which are measures only of the probabiljty of crack initiation, may not be indicative of an
observable flight failure. A crack initiating in flight may only propagate through the brittle zone to
the boundary of the ductile zone. This case becomes catastrophic only when, later in flight, the

o
1

=3 'g

= 4.1.2 Structural Analysis [k

=
= 4.1.2.1  Monolithic Design :

= B

% : The results of the preceding nosetip thermal response predictions were used as inputs Tk

= ; to a finite element thermostructural analysis. Mechanicel. physical and s'rength properties required &

2 % for the analysis were taken from References 2, 20 and 21. t

f:‘ ; The predicted minimum margins-of-safety are nlotied as functions of altitude in Figure 94, ’ e

5.; . which also shows the location history of the critical elemer.. ~elative to the original (unablated) geom- . 5

= etry, The analysis was completed initially with a data base and r.aterial modei developed for 3-inch ' f

= diameter extruded billets of thoriated tungsten. Three timre points were subsequently repeated using % &

% a material and strength model developed specifically for the Sylvania "fine-grain" material from ! B

= which the nosetip was machined. These results are also given in Figure 94 and show little difference : §

- from the previous results. 1
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Two important aspects of tungsten material behavior were omitted from the analysis. :2
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ablation front reaches the crack and material is removed. If the crack forms late in flight, as indi-
cated by this analysis, the crack may never be exposed prior to successful impact.

4.1.2.2 Segmented Design

The thermal heat conduction analysis of the scgmented design concept assumed that the
boundary between the segment stack and the stud was insulated. As discussed in Section 4.1.1, this
was judged to be the most realistic model of the nosetip. The 1500°F isotherm at 20,200 ft altitude
is shown in Figure 95 for the segmented design for both the insulated boundary condition and for a
condition of perfect thermal contact. The figure illustrates the effect of the insulated boundary. It
also shows that the isotherm is essentially perpendicular to the segment boundaries, indicating that
little heat flows across segment boundaries. Consequently, the thermal contact boundary condition
between individual segments is not important.

(a) Non-insulated

Ve
Ve

/

® 20,2 KFT
® 1500°F ISOTHERM

2]

() Insulated along stud-segment boundary

INSULATED SURFACE

\

>
&

Figure 95. Internal temperature comparison of insulated
and non-insulated segmented nosetips.

The computed minimum margins-of-safoty in the stud and segments are shown as functions
of altitude in Figures 96 and 97, respectively. The results indicate a significant improvement over
the solid (monolithic) design. In addition, the volume of stressed material is much less in individuat
components than in the monolithic design. If the Lrittle material volume effect had been taken into
account, the improvement in probability of faflure would have been more dramatic.

4.2 FLIGHT TEST RESULTS
Tungsten nosetips were flight-tested successfully on two HEARTS I r: antry vehicles.
The solid (monolithic) design was flown on HEARTS Vehicle 106, which was Inunched on an Athena €
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booster from Wallops Island, Virginia on 20 fanuary 1975. The segmented design was flown on
Vehicle 112, which was launched on an Atheaa D booster, also from the Wallops Island facility, on
2 April 1975. Vehicle 112 was flown in a ciear air environment, while Vehicle 106 encountered a
very light (and undefined) cloud environment at low altitudes (below 16, 000 ft).

Both nosetips survived to i:apact with no evidence of thermostructural failure or asym-
metric ablation. The flights were corsidered to be completely satisfactory demonstrations of the
feasibility of the ERN concept in a moderately severe clear air reentry flight environment. In par-
ticular, it was noted that the performance of the segmented design was identical to that of the mone-
lithic design in all respects. There was no measurable evidence that the segmented construction
caused any change in the nosetip flow or ablation characteristiics.

Each nosetip was instrumented with a K West pulse/echo ultrasonic ablation sensor and
with 16 thermocouples. The monolithic nosetip used a shear wave transducer (the baseline A.N.T./
ERN sensor), while the segmented design was equipped with a compression wave transducer that was
being evaluated as an alternate sensor. In both flights, the return echo disappeared within one second
after removal of the teflon glove, and no usable recession measurements were obtained. The 16
thermocouples were positioned at various locations within the nosetip and heatshield to provide mate-
rials performance data and diagnostic information. Nearly all of the thermocouples performed satis-
factorily in the flights.

Detailed post-flight analyses were conducted only for the monolithic nosetip flown m
Vehicle 106. The results of these analyses are presented in this section. The derived performance
of the tungsten nosetip is described in Section 14.2.1, and the nosetip skirt heatshield performance is
discussed in Section 4.2.2.

4.2.1 Nosetip Performance

The tungsten nosetip, illustrated in Figure 54, was a sphere-ogive configuration with an
initial radius of 0.66 inch. The nosetip was of monolithic (i.e., solid) construction and was fabri-
cated from a 2.62-inch diameter extruded billet of Sylvania "fine-grain" tungsten. The skirt beat-
shield was a conical frustum of 5055A tape-wrapped carbon phenolic, with a wrap angle of 26 degrees
from the axis of symmetry. The plies were oriented in an aft-facing direction. The forward portion
of the nosetip was covered with a teflon glove, designed to burn through and provide sudden exposure
of the tungsten at an altitude of approximately 35 kft. The initial spherical nose radius of the teflon
cap was 0.75 inch,

The HEARTS 1 reentry vehicles are conical frusta with a half-angle of 6.43 degrees.
The heatshield material is the same type of carbon phenolic used for the nosetip skirt heatshield
{described above). The nosetip/vehicle interface is located at vehicle station 16.69 inches, mea-
sured from the theoretical cone apex. The overall dimensions of the HEARTS 1 vehicles are sum-
marized below:

HEARTS 11 RV 106 DIMENSIONS

Weight 61.891 Ibs
Lergth 31.01 inches
Bzse Diameter 9.112 inches
Cone Half-Angle 6.43 degrees
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Vehicle instrumentation that were utilized in the post-flight amalysis of the trajectory were the axial,
pitch, and yaw accelerometers,

Nosetip instrumentation cousisted of 16 thermocouples and a K West ultrasonic ablation
sensor (Figure 54). One thermocouple {Al) was designed to provide an indication of teflon cap re-
moval; eight thermocouples were allocated to measure the respoase of the carben pbenolic skirt
heatshield (the post-flight ¢valuation of the heatshield instrumentation is discussed in Section 4.2.2):
one thermocouple (A7) measured the temperature of the ablation gage transducer: and one thermo-
couple {AS) was designed to provide an indication of possible catastrophic failure of the tungsten by
measuring the internal gas temperature. The remaining five thermocouples measured the thermal
response of the tunzsten nosetip and tantalum holder at three different axial locations in the shank
region. All 16 thermoccuples functioned satisfactorily daring the flight.

The ultrasonic ablation gage used a palse/echo shear wave transgecer with a frequency
of 1.5 mliz. During the flight the refurn echo decreased suddenly soon after tungsten exposure ané
became undetectabic. No useful data - ere obtained frem the ablation gage.

The flight trajectory was nominal with fwo exceptions: 1) separation imposed a periodic
motion on Vehicle 106 (but not on Vehicles 104 or 105, whick were launched on the same booster)
that produced maximum angles-of-attack in excess of 20 degrees at altitudes above 139 kft: and
2) the clouds were at lower altitudes than desired so that the weather enviroament was encountered
at lower-than-planned velocities.

Trajectories for the three vehicies were reconstructed by Xenics, Inc. (Reference 40)
using digitized axial sccelerometer data. While pitch and vaw accelerations also proside contriba-
tions to total vehicle acceleratien, theyx arc important only for large pitch and vaw angles and were
not included in the Xonics reconstructions. In view of the Iarge pitch and varw angles seen v Vehi-
cle 106, it was belicved necessary to examine this simplification. To provide an uvpper bound for
the influence of pitch and yaw accelerations. the trajectory was recoastructed by PDA asing a normal
acceleration history obtained from thse envelope of the peak values recorded by the yaw accelerometer.
The following expressions were used to accoust for sngle-of-attack effects:

v cosa =\

a

VaxaL xomaL S8

ac__
=145\ D S
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in which ".\'ORA;.-\L and \ AXIAL ¥ the measured accelerations, and dg 'S given in Figure 9%,

Since the Nonics trajectory was reconstructed asing digitized éata. while the PDA recea-
struction described above was based oo “ata extracted manmlly from the ascillograph records, the
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Figure 98. HEARTS/ERN normal force coefficient derivative.

Xonics trajectory was believed to be inhevently more accurate (excluding angle-of-attack effects).
Consequently, trajectories were reconstructed by PDA both with and without angle-of-attack contri-
butions, and the Xonics trajectory was then modified by the computed differences in the velocity and
altitude histories caused by the angle-of-attack. Figures 99 and 100 show these four trajectories.
It is seen that inclusion of the angle-of-attack contribution to drag in the trajectory reconstruction
produces an altitude difference of 3200 feet at 100 kft. This would imply that, for Vehicle 106, the
Xonics trajectory reconstruction should have predicted an altitude at loss-of-signal 3200 feet lower
than the altitudes predicted at loss~-of-signal for Vehirlcs 104 and 105. This altitude difference is
actually only 315 feet, indicating that the above analysis provides, as intended, an upper bound on
the influence of angle-of-attack on the trajectory, since the envelope of peak angles was used. It
also indicates that the true trajectory is probably closer to the baseline trajectory given in Refer-
ence 40 than that modified above to account for angle-of-attack cffects, Therefore, the trajectory

reported by Xonics (Reference 40) was used as the baseline trajectory for all subsequent calculations.

No quantitative cloud density data were obtained because the clouds were below the air-
craft flight sampling altitude of 16,000 feet in the region of the vehicle flight path,

The ablation of the teflon glove was calculated using an effective heat of ablation, Q*,
given by

Q* = Btu/1b (5)

v +r;(hr - hw)
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along with the following material properties:

Thermal Conductivity, k = 3.89 x 105 Btu/ft-sec-R Sk

B Heat Capacity, C;, = 0.25 Btu/Ib-°R i b
: Density, P = 137 lb/ft3 :

Laminar Blowing Parameter, nyap = 0.44 }

Turbulent Blowing Parameter, nqpygrpg = 0.175 :

Ablation Temperature, T, = 16600R

A series of ablation and shape change calculations was performed to determine the sen- i

. sitivity of the teflon glove removal altitude to the expected error band in entry angle and velocity for ki

N trajectories predicted both with and without angle-of-attack effects. These calculations, which were

H performed in conjunction with the angle-of-attack analysis discussed previously, used a NOHARE 4

code option in which a spherical earth ballistic trajectory prediction is combined with the ablation ’

ISR

and shape change calculations so that the analysis represents full coupling between vehicle shape and 2
weight change, drag, and the trajectory. The same boundary layer transition and rough surface |
heating assumptions used in the pre-flight analysis (Section 4.1.1) were used in these calculations.

The results of these analyses are shown in Figure 101, along with the cap removal condi-
tions obtained from the trajectory reconstruction. In the NOHARE analysis, cap removal was assumed

TER vt beaian e 2%

N
P Y T Pkl e

to occur when the teflon burned through at the sonic point. Actual removal was seen in the telemetry ;
data as a sudden rise in the response of Thermocouple Al and as a spike and a change in the shape of < :
the curves of all three accelerometer traces 6.40 seconds before lass-of-signal (vehicle impact). ; |
NOHARE Predictions é ié
[ ] Accelcrometer Data Reconstruction ’; ‘

Entry Angle

38 Error {degree)

Nominal

+0.5 }
No a
— .0.5

——

.'/
— - +0.5
9’. - b ﬂ/ Nominal } a
-0.5

\

TEFLON CAP REMOVAL ALTITUDE (KFT)

T AT LRI

Y
\

A 1
-300 -200 Nominat +20n +400

ENTRY VELOCITY ERROR (FT/SEC)

Figure 101. HEARTS/ERN teflon cap removal map.
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Thg altitudes corresponding to 6.40 seconds before impact were obtained from Figure 99. It can be
seen in Figure 101 that the cap removal altitude is relatively insensitive to errors in entry conditions.
It also is seen that the vemoval altitude predicted for the nominal entry conditions is within 1000 feet
of the removal altitude determined from trajectory reconstructions, with or without the inclusion in
the analysis of angle-of-attack effects. Figure 102 shows the predicted teflon cap profiles for nomi-
nal entry conditions, including the effects of angle-of-attack.

UME {$EC) ALTEED
0,000

N 300.00

10,000 19218

15,000 148,04

20.000 98.77

22.000 78,57

NOHARE PREDICTIONS ;;% i;-;‘;

----- INTERNAL CONTOUR 26,000 38,82

1.60, 26.833 1.9

———

0.80

-0.801-

PADIAL DISTANCE (INCHES)

-1.60]
«2.40 1 1 P e Hom Ay H H
0.00 0.80 1.60 245 3.20 4.2 .0l TS 6.40 7.2

AXIAL DISTANCE (NCHES)
Figure 202. Computed teflon cap shape bistory.

The tungsten nosectip and {utalum holder were aneiy ~«d using the NOSEC code with the
coupled trajectory calculation option. The aodal network use 1 in these calculations is shown in
Figure 103. This network is the same as thwe pre-flight aetwork (Figure 38), with the exception
that the tantalum-10 percent tungsten holder was modeled tv permit correlation of the measured
temperature histories in the shank region. The influence of angle-of-attack on the trajectory after
teflon cap removal was studied and found to be negligible due to the low pitch and yaw angles experi-
enced. The following conditions for the analysis were taken from the Xonics trajectory reconstruc-
tion for a time 6.40 seconds before loss of signal:

R
1

= 14,650 ft/sec
Zo = 34,700 ft
35. 66 degrees

&*
1t

It has been found from SAMS flight tests (Reference 36) that the primary cffect of weather
on tungsten nosetips is to trigger the formation of surface scallop patterns in the region of turbulent
flow melting ablation. Since almost all of the nosetip ablation on this vehicle occurred above 16,000
feet and since no weather was encountered above 16, 000 feet, the flight was analyzed using the clear
air methodology outlined in Reference 36. Figure 104 shows the predicted nosetip profile history.
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Figurc 104. Computed HEARTS/ERN tungsten
nosetip ablation profile history.
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Figures 105 through 107 compare the telemetered thermocouple data to the predicted E

tungsten or tantalum surface temperatures at the points closest to the thermocouple junctions. It L

is seen that in each case the predicted surface temperature exceeds the recorded thermocouple }

response. The following three causes were considered to explain this lack of agreement: 1) poor :

thermal contact between the thermocouple junction and the nosetip, 2) actual recession of the tung-

sten that was lower than predicted, and/or 3) lower thermal diffusivity (K/PC ) than that used in ,

the analysis.
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Figure 105. Comparison of measured and computed temperature ;

"

histories, HEARTS/ERN solid nosetip location 2.
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Figure 106. Comparison of measured and computed temperature
histories, HEARTS/EP'N solid nosetip location 3.
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After surveying the thermocouple installation techniques and the measured elecirical
resistance between the thermocouple and the nosetip, it was decided that the thermal contact error
should have been much less than the observed differences between predicted and measured tempera-
tures. The pre-flight resistance measurzments showed that thermocouples A7 (bonded in position)
and A3 and T3 (peened in position) were in good electrical (hence, thermal) contact with the nosetip
prior to the flight. Thermocouples A2 and C2 were not in electrical contact with the tungsten when
the vehicle was assembled for flight (although they had been in contact before the bond cured). Con-
sequently, the physical separation between the junctions of A2 and C2 and the tungsten surface appar-
aontly was due only to the very slight expansion that the bond undergoes during curing.

T I

To provide an economical method for evaluating the influences of recession and diffusivity,
the nosetip was idealized as a one-dimensional slab with constant diffusivity. It was found that the
temperature histories predicted by the two-dimensional NOSEC analysis for thermocouples A2, A3,
C2, and C3 could be matched quite accurately using the one-dimensional analytical solution of Ref-
erence 41. This one-dimensional method predicts higher temperatures than the NOSEC analysis for
thermocouple A7 at the back surface of the nosetip, but this is felt to be due primarily to the fact .
that the one-dimensional solution ignores the presence of the tantalum holder, while the NOSEC anal- .
ysis includes it. A summary of the one-dimensional model is:

Physical Model: 2. 32-inch thick slab
Material Properties: K = 0. 0258 Btu/ft-sec-°R
Cy, = 0. 0290 Btu/1b-°R
P = 1192 1b/s3
a=K/PC
= 0,000747 £t2/scc
Boundary Conditions: T(x) = 70°F (t = 0)
T(x = 2. 32) = 5000°F (¢t > 0)
Adiabatic surface at x =0
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Figure 108 shows the one-dimensional model superimposed on maps of the isotherms predicted with
the NOSEC code. It is secn that the one-dimensional model appears to provide a reasonable physicul
representation of the NOSEC model, and it is noted that the heat conduction predicted by the NOSEC
code is very nearly one-dimensional during the latter portions of the flight, as illustrated in Fig-
ures 108 (b) and 108 (c).

To examine the sensitivity of the thermocouple responses to changes in recession, the
temperature histories at the thermocouple locations predicted by the one-dimensional model were
calculated for slabs 0.25 inch and 0.50 inch thicker than the nominal. Note that if these differential
thicknesses were applied to the stagnation point recession, they would represent reductions in re-
cession of 17.5 percent and 35 percent, respectively. Figures 109 through 111 compare the NOSEC
two-dimensional predictions, the measured temperatures, and the one-dimensional predictions for
the three slab thicknesses. It is seen that the one-dimensional temprrature predictions match the
measured temperatures quite well for the analysis in which the slab was increased in thickness by
0.25 inch. (It also should be noted that the one-dimensional results are in generaiiy gooid agreoment
with the two-dimensional results for the nominal thickness.)

To examine the sensitivity of the thermocouple responses to changes in diffusivity, the
thermocouple histories predicted by the ene-dimensional model were calculated for diffusivitics
17.5 and 35 percent lower than the nominal value. Figures 112 through 114 compare the NOSEC
predictions, the measured temperatures, and the one-dimensional predictions for the three diffu-
sivities. It is seen that the one-dimensional temperature predictions match the measured tempera-
turcs quite well for the analysis in which the diffusivity was 35 percent lower than nominal,

Thus, it has been shown that the temperature histories can be matched either by assuming
a 17.5 percent reduction in nosetip recession or by a 35 percent reduction in diffusivity by using a
one-dimensional idealized model with an effective length and diffusivity chosen to best mateh the
NOSEC predictions. Due to the well-documented and regular behavior of the diffusivity of solid
tungsten, a 35 percent error in diffusivity (averaged over all temperatures) appears unlikely. Con-
sequently, it is concluded that the ablation model used in the NOSEC code overpredicted the recession
by a factor on the order of 17.5 pereent.  This overpredictioa could be due to any one of several
factors. Additional analyses and data correlations would be required to determine the specific cause
(or causes) more procisely.

Figure 115 compares the axial acceleration history pradicted by the coupled nosetip
ablation and shape change trajectory analysis with the telemetry data. It is seen that the agreomen
is excellent. To show the influence of shape and weight change on drag, this trajectory was recai-
culated for a vehicle with constant (initial) shape and weight. It can be scen in Figure 115 that this
calculation underpredicts the drag by nearly 30 percent and results in a predicted impact time nearly
one second early. This comparison tends to verify the ablation and shape change techniques used.
Note that the analysis of the thermocouples on the tungsten tip indicated that recession probably was
slightly overpredicted. The fact that peak drag also is slightly overpredicted supports this conclusion.

1.2.2 Heatshicld Performance

The forebody heatshield (forward of vehicle station 16.69) was FM 5055\ carbon phenolic
with a 26-degree (aft-facing) wrap angle, and it was designed and fabricated by PDA.  The monolithic
nosctip assembly showing the heatshicld configuration is presented in Figurce Si. The heatshield was

instrumented with six in-depth thermocouples and two heatshield. 'substructure bondline thermocouples.
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Figure 10S. Predicted post-flight temperature distributions
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HEARTS/ERN solid nosetip, location 2.
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The thermocouple types and positions are shown in Figure $4. Thermocouples Bl, B2, D1, and D2
were tungsten/tungsten-26 rhenium, sheathed in 0.008-inch diameter (outside diameter) tantalum
tubing; thermocouples B3 and D3 were Chromel-Alumel, sheathed in 0.032-inch diameter stecl tubing;
and thermocouples A5 and A6 were glass-wrapped Chromel-Alumel.

The in-depth heatshield thermococuples were installed so that, from the junctions, a mini-
mum of 0.35 inch of lead wire was located in an isothermal zcne. This was done to minimize tem-
perature differences between the junction and the heatshield induced by Leat conduction along the lead
wire. The thermoccuples were installed by cutting the heatshield along th> ply direction, running
the lead wire along the plies to the desired radial position, and then making a 90-degree bend and
routing the lead wire circumferentially {at a constant vehicle radius) so that the junction was a mini-
mum of 0.35 inch from the 90-degree bend. Figure 116 is a sketch showing the routing of the lead
wires. After the thermocouples were installied, a mating aft heatshield was bonded to the forward
heatshield. This installation method was selected over a thermocouple plug assembly since plugs
cause interruptions in the plies which, in turn, can induce vortex shedding and/or aggravated ablation
at vehicle positions near the plug. Inserting thermocouples along the plies does not cause interrup-
tions in the plies, and the method does not induce aggravated ablation (Reference 2).

The tungsten nosetip and a portion of the forebody heatshield were covered with a teflon
glove. The teflon glove was designed to burn through at 35 kft. The teflon glove and its position
relative to the in-depth thermocouples are shown in Figure 116. As can be noted, thermocouples B2,
B3, and D3 lay beneath the teflon glove and are insulated from direct aerodynamic heating prior to
glove removal.

A one-dimensional charring ablation analysis was performed at the vehicle station corre-
sponding to the location of thermocouples Bl and D1 (see Figure 116) using the PDA Ablation-Coaduc-
tion-Erosicn (PACE) computer code. The heatshield thermal properties used in the analysis arc
presented in Table 25. All properties except the char conductivity are the same as those vsed in
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Reference 2. The char conductivity for 0-degree and 90-degree fiber orientations was obtainzd from

Reference 42 and modified for the 26-degree wrap angle according to the following expression from
Reference 13:
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Figure 116. HEARTS/ERN solid nosetip heatshicld thermocouple locations.

The convective boundary conditions used in the heatshicld amalysis were obtained from
the NOQsctip Heating And REcession (NOHARE) code for the axial location of thermocouples B1 and
D1 (station 12.99). These conditions were used to predict the respoase of all six heatshield thermo-
couples. The trajectory used in the calculations was obtained from Reference 44 and is illestrated
in Figure 117. Boundary layer transition was assumed to occur according to the roaghness-maodified
"LORN™ transition criterion described in Reference 2, using a characteristic roughmess height of
0.0004 inch for laminar flow. Rouglmess-augmented heating was used for both laminar and turbulent
flow. The turbulent flow surface rougimess could be of either the aniformly distributed {i.c.. sand-
grain) type {with 2 maximum height of 0.002 inch) or the scallop type of surface patierns.
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Table 25. Thermal properties of carbon phenolie.
Conductl\'lueg Specific llgam
(Btu/ft. -sec.~ R) (Btu/Ibm-"R)
Tomperature
°R) Char Virgin Char Virgin
aco 0.143x 1075 | o,674x10 - 0.235
660 0.166 x 10°, | 0, 1121073 - 0.310
860 0.163x 10 _o 1 o, 124x10°3 0.0602 0.352
1060 0.175x 10_ 1 o, 130x10~3 0.0794 0.547
2000 0.247x 10, | 0.201x1073 0.274 0.070
3000 0.381 x 10_: - 0.341 -
4000 0.603 x 10 | 0.340x1073 0.3715 L4y
5000 0.977 x 10_3 - 0.364 -
6000 1.609 x 10 0.481x10™3 0.400 1.660
Arrhenlus Constants
For the exprossion:
w - w\" i - E
L ((1}!)‘ f Ajexp T
w\dt w
o o rl
{ A, Gbr/tt-sec) E/R Ry
. 0. 001815 420
2 248. 12,700
3 5.009 EG 28,200
a =2 (for all §)
General Informutien
Donsities (lbm/fta)
~ Virgin -90.4
- Char ~74.0
Char Temperature: 106001\
Specific Hoat of Pyrolysis Gas: 0.4 l!tu/lbmg“
Heat of Pyrolysis: 1650 Btu,1Win as
B
As can be noted in Figure 116, thermocouples 31 and D1 are positioned just At of the
teflon cap. At this station it is anticipated that the flow will be geparated and the convective heating
prior to cap removal will correspoend to separated cavity heating indu od by a rearward-facing step.
To model tho separated cavity hoating, the correlations of Reference 45 were used to correct the
attached flow predictions from the NOHARE code. The correlations of Reference 45 are summarized
in Figure 118, where the ratio of the separated flow heat transfer cocfficient (1) to the attached flow
ceefficient (Hp) is presented as a function of the downstream distance-to-step height ratio (X/7).
The convective heating at station 12,99 prior to cap removal was computed with the NOHARE code by
modeling the teflm cap ablation in the vicinity of the thermocouples. The teflon configuration and
ablation properties used in the analyses were described én Section 4,2.1, The instantancous teflon
cap thickness (7) and attached flow heating coefficiont (Ho) were used in conjunction with Figure 118
to find the scparated flow heating coefficient (H). The predicted teflon thickness (Z) history is pre-
sented in Figure 114, The resultant convective heating condition computed for the heatshield station
147 :
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is presented in Figure 120. For comparison, the attached flow convective heating condition also is
siiown in the figure. As can be noted in Figure 119, the heatshield originally under the cap was ex-
posed to direct aerodynamic heating at 6.8 seconds prior to impact, which corresponds to an altitude
of 40 kit. Complete cap removal was predicted to occur at 34.7 kft (Section 4.2.1).
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Figure 119. Sidewall recession history of teflon glove,
HEARTS/ERN R/V 106, Station 12,99,
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The predicted heatshield surface and char front rocession histories are presented in
Figure 121, The total surface ablation depth at vehicle station 12,99 inchos is predicted to be
approximately 0.042 inch. The predictod heatshield temperature response histories are compared
with flight data in Figure 122, The agreement between the measured and computed temperature
histories is seen to be reasonably good at the three thermocotple dopths.
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Figure 121. Computed heatshield surface recession and char depth
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Figure 122, Comparison of measured and computed heatshield tempera-
ture histories, HEARTS/ERN R/V 106, Station 12,99,
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Thermocouples A5 and A6, both of which measure heatshield-to-substructure bondline
temperatures, did not measure any temperature change during flight. Thermocouple A3, which is
on the tantalum holder below thermocouples B2 and B3, reached a maximum temperature of 450°F
during flight. Comparing the in-flight responses and positions of thermocouples B3 and D3 (neither
of which showed any significant temperature rise) with A3, it is concluded that A3 was heated con-
ductively from the tungsten nosetip rather than by conduction through the heatshield. From the
responses of these thermocouples, together with the computed results of Figure 121, it is concluded
that the heatshield maintained the substructure at temperatures well below their upper operating
temperature levels (~3000°F for tantalum and ~1500°F for Mallory).
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5.0 FLAME/ERN DESIGNS

The last step in the evaluation of tungsten nosetips at sub-ICBM conditions was a series
of two flight tests on FLAME (Fighter-Launched Advanced Materials Experiment) vehicles. FLAME
is an aircraft-launched vehicle consisting of a two-stage rocket and a payload (i.e., "'reentry" vehi-
cle). The assemblies were launched supersonically from F-4 aircraft at altitudes of approximately
60 kft. The rockets then boosted the payload to a peak velocity of around 14, 000 ft/sec at altitudes
of 35 - 40 kit, thereby providing reasonably good simulation of the low altitude portion of reentry
flight Reference 46). The payload was designed (Reference 47) so that portions of the vehicle, in-
cluding the nosetip, could be recovered intact for post-flight examination and evaluation.

One monolithic tungsten nosetip and one segmented tungsten nosetip were designed, built,
and flight-tested in the FLAME program. Both nosetips were of the same external shape, as shown
in Figures 123 and 124. The initial spherical nose radius was 0.60 inch, the cone half-angle was
9.3 degrees, and the tungsten overhang length was 3.25 inches. Both nosetips were made from
3.0-inch diameter extruded billets of 2 percent thoriated tungsten, as described in Sections 5.1.2.1
and 5,1.2.2. No thermal instrumentation was used on the segmented nosetip, while the monolithic
design contained only a compression wave pulse/echo type of acoustic recession sensor.

The following paragraphs summarize the thermal and structural design analyses of the
two FLAME/ERN configurations and briefly summarize the flight results.

5.1 DESIGN ANALYSES

5.1.1 Thermal Analysis

The thermal response of the two FLAME/ERN designs illustrated in Figures 123 and 124
was predicted for use in the structural design calculations (Section 5.1.2). The calculations assumed
a clear air environment and used the design trajectory illustrated in Figure 125. The trajectory
assumed ballistic flight to impact, although it was planned to initiate the recovery sequence at an
altitude of approximately 16 kit.

All of the assumptions and methods used to compute the thermal response of the nosctips
were the same as described previously (Section 1. 1. 1) for the HEARTS/ERN nosctips. The two-
dimensional nodal networks used to represent the nosctips are shown in Figures 126 and 127 for the
solid and segmented designs, respectively. As with the HEARTS designs, two limiting thermal
models were used to describe heat conduction in the scgmented nosetip. In the first model (Fig-
ure 127 [a]) perfect thermal contact was assumed between all components. This model is equivalent
to the solid model network (Figure 126), with the exception of the slightty different tantalum- 10 percent
tungsten holders used to attach the nosetips to the aft structure. In the second model (Figure 127 [b}),
all of the segments are in perfect thermal contact, and this segment assembly was considered to be
perfectly insulated from the center retention stud. Thus, radiation was the only mode of heat trans-
fer between the segments and the stud in this thermal model. This sccond network model was believed
to be more representative of actual conditions since the segments are maintained in axial compression
throughout the flight, but are free to expand or move relative to the stud.

Originally it was intended that the FLAME/ERN tungsten nosetips would be covered with
teflon gloves, similar to the HEARTS/ERN designs, sized to burn through and provide sudden expo-
sure of the tungsten at 35 kit. Because of this requirement, the nosetip design calculations assumed
a uniform initial temperature of 70°F at 35 kit. Although it later was decided, because of the
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Figure 123. FLAME solid tungsten nosetip.
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Figure 124. FTAME segmented tungsten nosetip.
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comparatively mild (relative to conventional reentry flight) high altitude" flight environment, that
it was not necessary to use the teflon glove, the analysis was not repeated using the extended heating
period. It was believed that the assumption of sudden exposure at 35 kft provided a conservative
boundary condition for the thermostructural response calculations.

The compated nosetip recession profiles at various altitudes are shown in Figure 128.
These profiles are essentially identical for all three analytical models, since the surface recession
histories are nearly independent of differences in the internal heat conduction paths. The corre-
sponding stagnation point axial recession history is shown in Figure 129, The computed histories
of the internal temperature distributions, surface pressure distributions, and external shapes for
the three cases were output on magnetic tapes for direct input to the structural analysis codes

(Section 5.1.2).
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Since the FLAME nosetips were to be recovered, additional design analyses were per-
formed to evaluate the adequacy of the nosetip retention structure during {he recovery deceleration
loads and during water soak following splashdown.

Initiation of the recovery sequence was planned to occur at an altitude of 16 + 4 kit.
Therefore, the initial nosetip shape and temperature distribution for this phase of the flight were
taken from the results of the preceding "reentry" calculations at an altitude of 12 kit. This should
represent a worst-case condition, since it provides the maximum aerodynamic heat input prior to
recovery initiation. A two-dimensional nodal network, jllustrated in Figure 130, was constructed
to represent the nosetip shape at 12 kft. This shape, a. *h the initial temperature distribution
and temperature-depéndent material properties, were inpu. . the NOSEC computer code (Reference 7).
The thermal response of the nosetip assembly then was calculaled by allowing the temperatures to
equilibrate with surface radiation as the only mode of heat transfer (i.e., convective cooling was
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Figure 128. Computed FLAME/ERN tungsten nosetip ablation profile history.
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Figure 129. Computed FLAME/ERN tungsten nosetip axial recession history.
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A similar procedure was used to predict the temperature response following splasikown.
For this case, the surface nodes were assigned a constant temperature of 50°F to simulate the exter-
nal environment (infinite heat transfer coefficient between the water and the tungsten). The nosetip
was then allowed to equilibrate to this 50°F temperature condition.

M

The computed temperature histories at several critical locations in the shank interface
region are illustrated in Figures 131 and 132. The temperature response along the surface of the
tungsten shank is presented in Figure 131, while the temperatures in the tantalum holder are shown
in Figure 132. These results were stored on magnetic tape for use in the structural design analyses

described in the following section.
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5.1.2 Structural Analyses

Analyses were performed to compare the relative thermostructaral responses of the two
tungsten nosetip design concepts. Of particular interest was the isolation of potential thermostruc-
tural failure modes of the nosetip segments and the stud in the segmented concept and the sensitivity
of failure predictions to heat conduction boundary condition assumptions. The segmented design was
intended principally as an experiment for determination of ablation characteristics on the segmented
boundary. The nosetip was not optimized for thermostructural response and, consequently, compari-
sons of failure probabilities between the segmented and monolithic (solid) designs may not be indica-
tive of the relative thermostructural performance of the segmented concept.

Nty
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P ‘:&Wt: v

In addition to thermostructural analyses, calculations of the probabilities of failure of
the two nosetips in modes specifically related to the FLAME recovery experiment were conducted.
These potential failure modes included interface mechanical loading on segments and tensile loads
on the stud attachment resulting from recovery deceleration. The shrink-fit attachment of the mono-
lithic design was checked for pull-out resistance during the period of vehicle deceleration, parachute
descent (with coincident heat soak), and the splashdown condition where rapid cooling wouid occur.

1400

1203

1009
o
=]
g s
a3
2
a
-
d
-
S so0
B

400

TUNCSTEN SIANK

la————  FINAL DESCENT ____,r__srusn 'l

0 20 53 8 103
T 'Qh RECTVERY INITIATION tSECH

Figuce 131. Predicted temperature histories in FLAME/ERN
solid nosetip during recovery, tungsten shank.
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Figure 132, Predicted temperaturc histories in FLAME/IRN solid
nosetip during recovery, tantaium holder.

The design trajectory was shown in Figure 125 for ballistic flight from second stage
burn-out to impact (no recovery). The entire trajectory was evaluated fer thermostruactural response
to determine if the most critical response would occur abeve the intended upper-bournd recovery ini-
tiation altitude of about 20,000 feet. Parachute deployment was programmed for 12,000 {cet. Maxi- ;
mum deceleration loading during recovery was estimated to be 150 g's at 20,000 feet.

5.1.2.1 Monolithic Design

The monolithic nosetip (Figure 123) was fabricated from a 3-inch diameter extruded billet
of 2 percent thoriated tungsten. The mechanical and physical properties necessary for thermostrue-
tural analyses are given in References 2, 20, and 21, The ductile-brittle transition temperature
(DBTT) was assumed to be 400°F, based on the available test data (Reference 20).

-

Two-dimensional finite-clement stress analvses were performed to determine instantane-
ous stress distributions in the tungsten nosetip. The analyses used the ablated shapes and internal
temperature distributions as functions of altitude as predicted by the preceding thermal analyses.

BA PR~ o

The minimum margins-of-safety of material in the brittle zone (at temperatures below
the DBTT) arce plotted in Figure 133 as functions of altitude. The figure also shows that the minimum
margins occur on the centerline and progress aftward as the nosetip ablates and heat soaks in the
axial direction. The stress states and temperatures of critical elements at representative altitudes
are given and show that, in all cases, the largest stress component is the axial stiess. However,
the extruded billets are transversely isotropic and the critical stresses in the monolithic nosetip are
the equal biaxial hoop and radial stresses.
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Figure 133. Minimum brittle margins-of-safety
in FLAME/ERN solid nosetip.

A ponconservative factor in the thermostructural analysis was the Iack of recognition
of volume effects. In the monolithic nosetip, considerably larger volumes of brittle material are
stressed than in the biaxial flexure specimens used for derivation of the failure critcrica Malar-
cnces 2 and 20). Consequently, the margins-of-safely for the desizn may be significantly lower
than those shown in Figure 133.

5.1.2.2 Segmented Design

The segmented nosetip design is shown in Figure 124. The stod was machmed from a
3-inch diameter extruded billet of 2 percent thoriated tungsten. The segments were machined from
blanks which were coined from short upset-forgings of lensths of thoriated tungsten extrusions. In
this manner, a more desirable grain structure giving beder in-plane strength properties was obtainad
in the segments.

Two coupled ablation heat transfer amlvses were conducted with the PDA XOSEC code.
As described in Section 5. 1. 1, the first case a2ssumoed perfect thermal coatact at each internzl boand-
ary between segments and between the segment stack and the stud.  The second case assumed no
thermal contact between the stud and the segments while retaining perfect contact between sexments.
The latter case is judged to best represent reality becaese the segments do expand away from the
stud due to thermal gradients. The degree of thermal contact between segments is of lesser impor-
tance because the principal direction of hext flow is essentially parallel to the segment boundaries.
That is, the isotherms are nearly rormal to the segment surfaces and little heat is transferred
across scgment bounduries, regardless of the acteal thermal resistance.
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Thoe results of tho fintto-olomont thormostructural analyses are glven In Flgures 134
through 137, where the minimum prodieted margins-of-safety aro plotted ns functions of altitudo,
The mintmum marging in the stud are not atfooted algnificantly by tho degreo of thermal contact
at the segment boundary until the eritical clemont hns moved near tho statlon of tho forward segment,
After this occurs, the caso with no thermal contnet offectivoly isolntos tho stud frrom the large radind
thermal greadionts and the probability of thormal stross faflure bocomos vory low.

The margins-of-safety of tho sogments nre affectod more significantly by thermnal con-
taet at the stud boundary, As shown in Figures 136 and 137, tho envelopo of mintmum marging {8
reduced by the assumption of no thermal contact. This results from the stud sonking heat nway
from the segmoents and, thus, inercasing the radial thormal gradient in each Individunl sogment.,

Thoe thermostruetural analysis of the sogmonted nosetlp is consorvative In two important
aspeels. First, the strongth propertios of lnrgo-diameter (3 Inch) oxtrusions were used for the
fnflure analysis.  As discussed in Section 3,1, 1t s belleved that very Inrge Improvemonts in strongth
and DBTT characteristics will result from forging and colning scgments in tho manner used to pro-
duce the FLAME compononts,  Sccoudly, -the volume of stressed material {s much lowor in tho stud
and segments than in the monolithic nosetip.  In any brittle material, the volumo effect is significant,
with smaller components having lower probabilitios of fallure than large components with the same
applicd stress level,

H5.1.2.3 Structural Response to Recovery Loads

Monolithic Design

During tho recovery phase of the flight tost, the tungsten nosectip was rotained by the
shrink-fitted tantalum=-10 percent tungsten alloy sleeve. The sleove was originally shrunk onto the
tungsten shank with a 0. 0028~inch minlmum interforence fit. 'his condition produced clamping
pressures at the interface which, whon combined with a reansonnble estimate of the {riction coefficiont,
provided an estimated resistance to pull-out of 6000 ths., In this condltion, the maximum hoop stross
in the tantnlum sleeve was caleulated to be 55, 000 psi.

The eritical load for nosetip rotontion was cvaluated at the recovory inltiation nititude
by taking into nccount the temperatures in the components at that time.  Some reduction of elamping
pressure due to thermal expanslon difforences botwoeon the tungsten and tantalum components occurred
relalve to the original assembly condition, but tho critical pull-out lond was still 5500 1bs. This
provides n capability to withstand nbout 900 g's uxial decoleration, The maximum estimated decel-
cration for the recovery phase was 180 g's, indleating a lnrge positive safety margin,

Calculations of the temperature distributions In tho attanchment reglon during parachute
descent {ndicated the shank and tantalum sleeve would souk out to about 1460°F, as Uustrated in
Figures 131 and 132, Consideration of the free thermal expanston behavior of the two metals tndi-
eated that the shrink-{it proload deenys to zoro as tho tomperature of tho sleeve and shank rises
uniformly to 1600°F. Tho computed {rece thormal straing of the two matorinls (Reforeonces 48 and
19) are shown in Figurc 138 with the tantalum offset by the amount of the shrink-fit interforence,
The temperature ncross the attnchmont was assumed to be uniform beecause of the relatively long
sonk period during parachuto doscont and beeause of tho (ntimate thermal contact between the
components,
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Figure 134, Minimum brittle margins-of-safety in stud, FLAME/ERN
segmented nosetip with good thermal contact.
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segmented nosetip with no thermal contact, '
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Figure 136. Minimum brittle margins of-safety in segments, FLAME/ERN
segmented nosetip with good thermal contact.
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Figure 138. Free thermal strain including initial room
temperature shrink interference strain,

As a result of the soak-out analysis and consideration that the tungsten shank may cool
much faster than the tantalum slecve after splashdown in the originally planned water recovery, the
design was modificed to add two retention pins through the slecve and shank,
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Segmented Design

Axial deceleration causces inertial loading of the segment stack against the forward scg-
ments. This loading tends to push the segments up the tapered stud, thereby causing a hoop teusion
stress at the segment internal dinmeter. A finite-element analysis was conducted to determine the
magnitude of this stress, The segment was modeled with a uniform pressurce on the aft surface
rcpresenting the inertia of the segment stack aft of that location. The load was reacted by combined
pressure and shear at the inside diameter representing friction and pressure loading on the stud. .
The analysis fncluded temperatures at the initiation altitude.  The resulting critical stresses are:

o = 2310 psi
(r:;‘ = 13090 psi
o, = 1370 psi

* = <410 ps
(rllz £10 psi

at a temperaturc of 3000°F, Since the critical clement is ductile (temperature above the DBTT),
the von Mises failure criterion was used along with tensile strength data at the critical temperature
(Rcference 20). The resulting margin-of-safety was determined to be 95 percent.
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Margins-of-safety were also calculated for the threaded stud attachment. The stud is
retained at the aft end by a threaded sleeve which bears against a spring washer. The washer allows
the stud to move forward to accommodate thermal expansion at the segment stack and limit the axial
tensile loads in the stud. However, during recovery deceleration, the spring washer bottoms out
and higher loads may be imposed. These loads were calculated from the estimated weight of the
nosctip at recovery and the anticipated recovery deceleration. Stresses in the tungsten threads and
in the shank were calculated including a factor of 2.0 on the loading to account for shock dynamic
effects. Very large margins-of-safety were determined for both failure modes.

5.2 FLIGHT TEST RESULTS

Both tungsten nosectips were flight-tested suc..essfully on FLAME vehicles. The seg-
mented design was flown on FLAME Vehicle F-003 on 28 March 1975 at Wallops Island, Virginia.
The flight occurred in an undefined (i.e., no measurements were made) weather environment char-
acterized by low altitude clouds and rain. The burn-out velocity was approximately 12, 800 ft/sec
at an altitude of 41,100 ft. Payload recovery was not accomplished because of an ordnance system
malfunction that resulted in incomplete removal of the vehicle centerbody ballast sections. However,
the measured axial and lateral vehicle acceleration histories prior to initiation of the recovery se-
quence indicated that the nosetip performance was nominal in all respects. In particular, very small
lateral accelerations were measured, which implies symmetrical recession of the nosetip. The axial
acceleration history was smooth and within predicted bounds, suggesting nominal recession with no
removal of segments or other solid material,

The monolithic fungsten nosetip was flight-tested on FLAME Vehicle F-005 on 3 June 1965
at the Tonopah, Nevada test range. The flight was in clear air, and the vehicle reached a maximum
velocity of 13,200 ft/scc at an altitude of approximately 16,000 ft. The return echo from the com-
pression wave acoustic sensor disappeared prior to burn-out so that no in-flight recession measure-
ments were obtained.

The recovery experiment was completely successful, and the entire nosetip was recovered
intact for post-flight examination and evaluation. As illustrated in the photograph shown in Figure 139,
the recovered nosetip had a smooth, rounded shape with no evidence of scallop patterns. The measured
total axial recession of the stagnation point was 0.37 inch. As with the monolithic design discussed
previously, the vehicle experienced no significant angle-of -attack or axial acceleration anomalies
prior to initiation of the recovery sequence.

A brief analysis was performed to evaluate the recession characteristics (i.e., total

reeession and shape) of the recovered tungsten nosetip.  The calculations used the derived flight test
trajectory (Table 26) and were performed with the NOHARE code (Reference 7) using the same methods

and assumptions described previously for the design analyses of the HEARTS and FLAME tungsten
nosetips (Scctions 1. 1.1 and 5.1.1). The only parameter varied in the analysis was the assumed
value of the characteristic laminar surface roughness height, which is used to define: 1) the onsct
and location of boundary layer fransition (as described by the PANT criterion, Reference 37), and
2) the roughness-augmented Iaminar heat flux (Reference 33).

The computed stagnation point recession depth is presented in Figure 140 as a function
of the assumed laminar roughness height. Also shown in Figure 140 is the measured total recession
of the recovered nosetip. As indicated, agreement between the measured and computed values is
achicved with a laminar roughness height of about 0.51 mil. This value then was used in a NOHARE
computer code calculation to compare the computed shape with the shape of the recovered nosetip.
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Figure 139. Photograph of recovered FLAME/ERN nosetip.

The results of this calculation are illustrated in Figure 141, where it can be seen that agreement
between the two shapes is very good. Thus, it was concluded that the basic methodology used to
predict the recession and shape change histories of melting tungsten nosetips is adequate for use
in design calculations. (Additional verification is, of course, required at more severe flight
conditions.)

The FLAME/ERN flight tests also provided additional indirect evidence that the seg-
mented construction technique does not cause any measurable eifect on the surface ablation char-
acteristics of tungsten nosetips. Since neither design was expected to be critical thermostructurally
in the FLAME flight environment, additional tests in more severe environments are necessary to
verify the improved thermal stress resistance of the segmented design concept.
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Table 26. FLAME/ERN flight test trajectory F-005.
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.000 1000. 60000.
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4.000 3200. 58500.
6.000 4610. 57000.
8.000 6210. 55000.
10.090 7650. 52200,
11.000 8000. 50500.
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14.820 12459, 42000.
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6.0 TUNGSTEN ABLATION GAGE DEVELOPMENT

Design of a suitable ablation gage for obtaining in-flight recession medsurements proved
to be a major problem associated with the development of erosion-resistant nosetips (ERN). The
susceptibility of tungsten to brittle thermostructural failure precludes the use of concepts requiring
drilled holes for the in-depth insertion of sensors or radioactive sources. Moreover, the high den-
sity of tungsten severely limits the potential of conventional gamma-ray backscatter gage concepts.
The one concept that seemed promising initially was a pulse/echo acoustic ablation gage.

The acoustic gage had been flown successfully on a nu:~ber of vehicles with graphite
nosetips an¢ there seemed to be no theoretical barriers to its application to metals. Thus, despite

some anomalous results in early tests with tungsten, it was decided to proceed with development of
the gage for the A.N.T./ERN program (Reference 2).

Further ground and flight test results for the sensor, however, were discouraging. The
shear wave mode had been selected initially, based on successful ablation tests with melting stellite
alloy subtips in an erosive rocket motor exhaust. In tungsten, however, the echo pulse decayed to
the noise level within about 0.5 second of exposure to high heating rates. Little or no improvement
occurred after a change to a pulse/echo compression wave mode. In fact, to date, no successful
measurcements of tungsten ablation histories in ground tests have ever been obtained with a pulse/
echo gage.

Because of the early problems with the acoustic sensors, efforts were initiated to inves-
tigate and develop alternate sensor concepts for tungsten. A radioactive backscatter sensor utilizing
neutrons (which are not attenuated by tungsten as readily as are gamma rays) was designed and tested
and found to offer a promising, though limited, measurement capability (Reference 2). However, the
ncutron backscatter gage presented difficult safety and handling problems and required more develop-
ment work to be suitable for flight.

In the present study, two additional sensor concepts were investigated. One of the con-
cepts was another type of acoustic gage that measures the resonant frequencies in the nosetip to ob-
tain an indication of the remaining length, The second concept was another radioactive sensor that
uses Bremsstrahlung radiation to activate the tungsten. The work accomplished in the development
of these two ablatien guges is summarized in this section.

6.1 RESONANT FREQUENCY ACOUSTIC ABLATION GAGE

The first ground test with the compression wave acoustic sensor occurred as an add-on .
experiment in a series of AFFDL 50 MWV arc-jet tosts of segmented tungsten nosetip concepts (Sec-
tion 3.2). The segmented designs all included a central tungsten stud which ran axially the iength
of the nosetip and held the separate segments together. The stud provided the continuous acoustic
path required by the sensor.

In planning discussions for the tests, it was noted that the rod-like geometry of the studs
suggested a different type of acoustic sensor. The resonant frequencies in a rod are well separated
and can be used to measure length. Furthermore, the low frequencies corresponding to the reso-
nances would be expected to have relatively low attenuation coefficients. Thus, when some simple
bench tests proved promising, it was decided to incorporate a test of the resonant frequency concept,
along with the compression wave pulse/echo tests, in the 50 MW series.
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While the compression wave pulse/echo signal vanished in manner similar to the shear
wave signal in previous 50 MW tests, the resonant frequency gage provided the first measurements
of tungsten recession ever obtained with an acoustic ablation sensor. Thus, it was decided to pro-
ceed with development of a flight-qualified resonance gage for A.N.T./ERN nosetips.

This section summarizes the current development status of the K West resonant frequency
ablation gage concept. The sensor is still considered a promising solution to the tungsten ablation
gage problem, particularly for segmented tips.

6.1.1 Concept Description

For a simple rod, free at both ends, resonances occur when the rod length is an integral
multiple of one-half wave length. One physical interpretation of this fact is that reinforcement occurs
when return waves reflect from the drive end boundary in phase with the outgoing driven wave. \When
the reflectioiis at both rod ends are of the same type (zero strain type for free ends), a corresponding
condition is that the round trip time for a stress wave be an integral multiple of the wave period.
Thus, the resonant frequencies arz

f =2, n=1,2,3++-- @
n '0

where the round trip time, 7 o’ is defined by
L
dX
T =2 S
0 / COTXD ©

o

where L is the rod length
X is the length coordinate
C(T) is the speed of sound in the rod as a function of temperature.

It may be noted that the temperature distribution in the rod, T(X), must be known to evaluate the
integral.

Conceptually, a resonant recession gage for a rod would include: 1) transmitter and
reciever acoustic transducers, both fixed to the non-ablating end of the rod; and 2) an electronic
package that would drive the rod at frequencies near resonance for a given mode and, in some man-
ner, define the resonant frequeacy history. The round trip time history 74(t) could then be obtained
from Equation (7).

The "apparent length” history of the rod is defined by
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where C, is the room temperature speed of sound in the rod. To obtain the actual length history, a
"temperature correction” would be added to L; from Equation (8) the temperature correction is
given by

Lo,
AL®) = L -C-(_t[ﬁi - Lt (10)

where C = C/C,.

Of course, L(t) is not know a priori and the temperature distribution in the rod would
not normally be available from measurements. Thus, AL must be calculated by an iterative process.
From the L, history and other flight measurements, an appropriate ablation model (transition cri-
terion, surface roughness, etc.) would be selected. The ablation and internal temperature distribu-
tion histories conforming to this model would then be calculated. Next, the temperature correction
would be computed and applied to the apparent nosetip length. Finally, the corrected measured
recession history would be compared to the computed ablation rates. H necessary, the process
could be repeated until agreement is obtained. Fortunately, the temperature correction will be a
small fraction of the nosetip recession for most cases of interest. Thus, convergence should be
rapid and errors in the computed temperatures would not be too impostant.

For a rod, the resonances are well defined and easily correlated with length. For a real
nosetip, the picture is complicated in several ways. Some of the more important of these are:

1. The curved stagnation region, together with the beam divergence
characteristic of the low resonance frequencies, leads to a spreading
of the resonance peak. In effect, the nosetip may be modeled as
a bundle of rods of varying lengths, all excited simultaneously,
cven when consideration is restricted to one-dimensional stress
wave propagation.

2. Because the stress wave propagation is three-dimensional, many
resonances exist other than the length resonances. The frequencies
of some of these resonances will vary with nosetip ablation while
others will remain fixed or will vary with temperature onlyv.

3. As there will be many oblique reflections in a three-dimensional
nosetip, stress wave mode conversions (from compression to
shear and vice versa), with changes in stress wave velocity, will
occur. These mode conversions complicate the interpretation of
resonances.

4. The base of the nosetip (where the transducer is mounted) is
modeled imperfectly as a “free end.” Thus, some phase shift
of the reflected wave, with a corresponding shift in the resonant
frequencies, can be expected.

The first three of these conditions waste power while contributing structure to the fre-
quency response curve, making it more difficult to identify and track a “length rescnance.” They
are all less important for a segmented tip design with a central stud than they are for a solid plug
tip. The fourth condition affecis the calibration of the gage, but otherwise should not be important.
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To help assess the potential of an ablation gage based on the resonant frequency principal,
some early bench tests were performed on a Mallory (copper-infiltrated tungsten) replica of the studs
used in the segmented 50 MW models. A vertical stack of two transducer chips was bonded to the
rear end of the stud. The chip bonded directly to the stud was excited with a wave generator while
the aft-most chip was used as a listening device. In a series of experiments, the excitation frequency
was varied in sawtooth curves covering several different sweep rates and frequency ranges. It was
found that the first resonance (n = 1 in Equation [7]) was very difficult to identify. The peak was so

e o,

P o

TN

;.,W

i

‘ narrow (i.e., the resonance was of such high Q) that it was completely obscured at all but the very =
2 slowest sweep rates (less than 1 kHz/second). The second resonance (n = 2) was easier to find, but é‘?
was still highly attenuated at sweep rates above 50 kHz/second. The third resonance, on the other =
3 hand, was readily identifiable at sweep rates in excess of 500 kHz/second and was located at fre- S
quencies in agreement with theory. Thus, it was decided to continue with a 50 AWV test of the reso- %1’;1
nance gage concept. é
g At a later date, similar bench experiments were performed on a full-scale unsegmented %z

% subtip. While the frequency response curve for the subtip had more structure than the response g“

= curve for the stud (as would be expected), the third length resonance was still readily identifiable. =

: Thus, it would appear that a resonance ablation gage is feasible for both segmented and unsegmented g:é

tips. ?:%

6.1.2 Signal Conditioning Concept &

=

Two basic signal conditioning concepts were considered: 1) a system analogous to the
bench tests described above in which the drive frequency is varied in a sawtooth curve over the range
of interest and the entire response curve is transmitted to the ground, and 2) a phase-lock loop sys-
tem. The considerations in the evaluation of these alternatives included data rate capabilities, noise
rejection capabilities, reliability, and hardware development schedule. The evaluation was made
for the A.N.T./ERN program in which an in-weather recession measurement capability was desired.

The advantages of the phase-lock loop approach include: 1) a continuous output which
may be correlated directly wich apparent recession, 2) simpler data reduction and interpretation,
and 3) adaptability to high noise rejection designs. These are attractive attributes and it was found
Iater that Acurex Corporation is developing a resonance gage with a phase-lock loop (Reference 50).

A
i

The major disadvantage of a phase-lock loop is that if lock is lost at any time during
rceatry, ablation measurements would be lost for the remainder of the flight. Two uncertainties

T

ke it difficult to assess the probability of lock loss in advance. The first of these is that a typical
nasetip frequency response curve has considerable structure with different resonance peaks that may o
cross as the nosetip ablates. For an unsegmented tip in particular, the changes in the response =
curve structure are unpredictable and could lead to a shift in the lock from one resonance to another. fg
=
The second uncertainty is in the background acoustic noise to be expected during reentry. §
No flight data are presently available in the resonance gage band. This lack of data presents problems =
to the designer. I too much noise rejection capability is built into the signal conditioner, lock loss §

may occur because of the resulting degradation in response time.  If too little noise rejection capa-
bility is included, lock loss may occur due to the resulting degradation in signal-to-noise ratio. For
ordinary cicar air recatries, the noise rejection compatible with maximum predicted recession rates
is quite high and probably satisfactory. IHowever, for weather flights, in which it is anticipated that
exceptionally high acoustic noise will be combined with very high ablation rates, a satisfactory design

compromise may not be possible.
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The alternate signal conditioning concept (in which the complete response curve is trans-
mitied) has definite design limitations, at least with the data rates available from the A.N. T. vehicle
telemetry system. In the system selected, for example, only ten nosetip length measurements per
second could be obtained. Noise rejection is obtuined through the use of a tracking filter. Again,
the designer is confronted with a problem for weather flights. If the filter bandwidth is narrow enough
to reduce particle impact noise to an acceptable value, tracking would probably be lost at high erosion
rates.

Despite these limitations, the full response curve type signal coaditioner was selected
for development for the A.N.T. vehicle. 7The rationale was as follows:

1. For initial flight tests, the system providing the most information
is to be preferred. The complete response curves could be sub-
jected to analysis and, if desired, further processing on the ground.
Once the behavior of the response curve is fully evaluated, the
potential= and pitfalls of a phase-lock loop system can be assessed.

2. Even though both systems would have difficulty in a severe weather
environment, the complete response system would recover after
the vehicle leaves the cloud cover. Thus, the total recession in
the weather, if not the details of the history, would be measured.
With the phase-lock loop system, on the other hand, once lock is
lost, no further valid measurements can be made.

The full response curve system had one further advantage. Existing pulse/echo type
signal conditioners fabricated for the A.N.T. program could be adapted readily to that system ona
short schedule and for minimum cost. It was neccssary to replace only one module and modify two
others in each unit. Figure 142 shows a block diagram of the system.
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Figure 142. Block diagram of <igml coaditioner madule for
resanant {froquency ablation gage.
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6.1.3 Test Experience

Two ground tests of the resonance gage were performed: the 50 MW test mentioned ear-
lier, and an RPL rocket motor test of an unseg - -ted tungsten tip. The results of these tests were
presented in Sections 3.2 and 2.6, respectively. Thus, the following is s very brief review of the
results.

Two models in the 50 MW series were instrumented with resonance sensors. In one case,
however, almost no stagmation point recession occurred due to an umsual model/flowiield interaction.
Thus, only one set of data was reduced.

The basic model cenfiguration was shewn in Figure 61. A vertical stack of two transducer
chips was bonded to the rear end of the central tungsten stud as in the case of the bench tests described
in Section 6.1. The method used to drive and monitor the transducer also was the same as in the
bench tests.

Figare 83 showed a comparison of the actuaal recession history, as measured from motion
picture films, with the recession history cbtained from the ablation gage. As can be seen, the agree-
ment is excellent. The ablation gage data points were corrected for temperature using Eouation (10).
The teraperature distributions reguired for the calculations were obtained from a three-dimensional
ablation code which gave an excellent prediction of the model shape change and recession histories.

A single solid tungsten plug tip with a resonance sensor was tested in the RPL rocket
motor ablation facility. Figure 143 shows a schematic of the test setup. Unfortumately, however,
the transducer failed before any significant recession could be measured. Post-test analvses indi-
cated that a vibration-induced faiture of a wire terminal was the probable cause of the failure
{Section 2.6).

Figare 143. RPL test sctap for resoqance sensor.
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%! 6.2 BREMSSTRAHLUNG-ACTIVATION ABLATION GAGE &
5 758
5
‘“‘31 The Bremsstrahlung-Activation Ablation Gage (BAAG) was designed to measure the 3
;{f{‘i recession of a tungsten nosetlp. The gage requires no physical alterations or changes to the nosetip 8
‘é! and measures ablation by monitoring the change in nosectip radioactivity. The gage was designed by .
5 Intelcom Rad Tech (IRT! under subcontract to PDA. The design analyses and demonstration tests %ﬁ
3 ‘hat were performed on the gage arc presented in the following sabsections. Additional data and de- E
é’z,i sign information on the BAAG system arc contuined in Reference 51, 5
= -
2 t %"

:;i 6.2.1 Concept Description j%
f The BAAG system is a radioactive gage that uses bremsstrahlung radiation to activate %

% a tungsten nosetip. The nosetip is activated by high cnergy electrons which produce high energy §§
*; bremsstrahlung photons. The bremsstrahlung photons convert the nosetip material, tungsten, into Ed
?&"i ' 18214 by the following two reactions: %
’ 182 182 183 182 %
=1 W(¥,p) ~ Taand ~ W(¥pn) " “Ta. ;’%
; Because of the conversion of tungsten directly into the 18274 isotope by bremsstrahlung photons, no :’.%
4 physical alterations arc required to activate the nosctip. Since the attenuation cocfficients for the ;%
;,é bremsstrahlung photons and the 1,2 McV gamma rays emitted by th 15274 source are approximately %
o equal, a nearly linear gage count rate versus nosctip thickness can be obtained by proper nosetip %
& irradiation and detector placement,

g A potential limitation to the BAAG system could be the sensitivity of the system to possible

z* ’ background counting rates caused by nosetip radioactive material that has migrated from the forward

; ‘ portion of the nosetip and deposited on the vehicle sidewall,  The importance of source migration will

E‘ depend on: 1) the ability to collimate and shield the detector, 2) the radioactive strength and amount

i? ! of nosetip material irradiated, and 3) the amount and location of radioactive material depnsited on

§f the sidewall. To minimize the cffect of source migration, two detectors are proposed for the BAAG

; ’ system. Onc will be collimated to measure nosetip radiation and the other will be <shielded {from the

g ! nosectip to measure background radiation. The shiclded deteetor output will be subtracted from the

v ; collimated detector output to obtain nosetip recession.

gr !

%: A preliminary design application of the BAAG instrumentation system is shown in Fig-

‘;’%’ ! urc 114, The system consists of a tungsten nosetip that has been nondestructively activated along

Z{ ) the centerline by sremsstrahlung photons. A detector is collimated and placed at a convenient loca-

i ‘ tion aft of the nosetip. The detector consists of two seintillators coupled to one or morce photomul-

S tiplier tubes,

? |

“2 ! 6.2.2 Tungsten Noscetip Activauion

The tungsten nosetip is activated by bremsstrahlung radiation produced by a beam of
high-cnergy clectrons. Two metheds of producing bremsstrahlung radiation were investigated for
the frradiation of tun,sten nosetips. One method utilized a collimated beam of bremsstrahlung radi-
ation produced by a tantulum target and a tungsten collimator, The second method produced Brems-
strahlung radiation directly in the nosetip. The first method will produce a more concentrated amcunt
of 18214 along the centerline (i.e., minimum bremsstrahlung dispersion and subsequent activation

in the radial direction) than the sccond method, However, the first method requires more clectron

>
)
3
i
z
£
£
¥
"
&
“




LA il - = 3 <f i Ex T -
- g = PrtasEr s s > 3 > RS e
R & L T S E g S ATy FRARITES

beam energy to produce reasonable activity levels beeause a significant amount of the energy is lost
fn the tantalum target and collimator. Both methods were investigated for the purpuse of determining,
tho radial and axial distributions of the 1321q activity and the eleetron energy required to achieve
reasonuble counting rates for a flight -stom.

.
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Clgure Lt Preliminary tungsten nosetip design with radioactive recession sensor,

6.2,2.1 Tungsten Activation With Collimated Bre sstrahlung

A schematic of the hardware use * w produce the collimated bromsstrahlung radiation
is preseuted in Figure 115, A 60 McV clectron beam was passod through a graphite collimator to
irradiatc a water cooled tantalum tavget, Behind the tantalum was an electron beam attenuwator con
sisting of sovoral layers of water -cooled alumiwm dises.  The forward-directed bremssteahlung
beam produced by electron bombardment of the tantalum tavget was collimated by a hollow cytinder,
A stach of tungaten dises simulating a nosetip were placed in the collimated bremsstrahlung beam
for irradintion.

The tungsten dises wore {rradiated at IR'T for five hours at an cleetron enorgy of 60 MeV
and an average current of 70 gA. The measured axial distribution of 182y activity is presented in
Figure 146, The axial distribution was obtained by woasuring the absolute activation of each dise
from the end facing the beam. ‘the radial measured distribution of W82y activily in each disc is
shown in Figure 147,

O R |y R A e )

O

i Seane e
SRR o R ARSI R VR B,

o
1

s
T i

=y
A%

T
b

A R T R A O

oy
[

ST

AR A

L

AT

o
L

WIS

L

"

R

¥

IR

5

pr
g

ICRIALN

e

3

TR

R AL s

RErET

3

AR

ot

X

IREN RS ST



sl = Sl el = 1 bl = o Slbaiiihi Sl ~cill
Gl R M P T e kel 2y ris e e T S e, SR, I
AR M aeikas R e S NIRRT ..@Eg

\ oy

+

vl
B
I
3
i
3
o
%
£
5
]
b
B
3
%
4
]
4
£
B

TUNGSTEN
COLLIMATOR

/ l-— 7.98cm—~l
; !

4.83 cm
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Figure 145. Geometry for irradiation of tungsten with collimated
bremsstrahlung beam produced by 60 MeV electrons.
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Figure 146. Measured axial distribution of 182pq activity.
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Figure 147. Radial distribution of 1820y activation in the discs
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A nosetip, collimator, and detector assembly was fabricated to determine the ablation
measurement sensitivity of the instrumentation syctem. A schematic of the assembly is presented
in Figure 148. The stack of irradiated tungsten discs shown in the figure was used to simulate a
nosetip. The initial overhang of the nosetip wus varied by removing the aft discs and the ablated
depth was varied by removing the forward discs. The measured sensitivities of the coun! rate to
nosetip thickness are presented in Figure 149 for initial nosetip overhangs of 4.65 cm and 6.20 cia.
As can be noted, the count rate is nearly a linear function of nosetip thickness.
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For an actual nosetip irradiation, the electron beam current would be run at 350 3
(typical for the IRT LINAC) instead of the 70 #A used in the present study. ¥or flight, a counting
rate of approximately 5,00 cps would be a lower limit of the desired counting rate. i‘or a nosetip
overhang of 6.20 cm, the data of Figures 146 and 149 indicate that the irradintion time to achieve a
5,000 cps counting rate would be over 1300 hours. This irrudiation time is undesirable because of
the LINAC costs that would be involved in supporting a flight test,
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6.2.2.2 Tungsten Activation With Direct 60 MeV Electrons
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Because of the excessive time required to irradiate a nosetip using a collimated brems-
strahlung beam, direct irradiation of the nosetip with electrons was investigated to estsblish the
savings in irradiation time that would result. Direct irradiation will result in uacollimated brems-
strahlung in the nosetip and the radial distributicn in 1827, activity ma; be expected to be more
diffuse and not as centrally concentrated as the activity produced by collimated bremsstrahlung. To
determine the irradiation time and the radial distribution of activity, a stack of tungsten discs were
irradiated and the 182Ta distribution was mapped both axially and radially. A schemati= of the
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hardware used to irradiate the tungsten stack is presented in Figure 150. As was done in the col-
limated bremsstrahlung activation cxperiment, a 60 MeV electron beam was collimated by a hollow
graphite cylinder. However, instead of having the electron beam impinge on a tantalum target, the
electron beam was focused on the tungsten stack to form bremsstrahlung radiation directly in the
tungsten, The tuagsten stack was water-cooled to prevent material property changes that can occur
in tungsten ot temperatures above 1RM00F,  The cooling apparatus was simply an unpressurized water
bath with the water inlet located at the forward face of the first tungsten disc. The first tungsten
disc was separated from the other discs to aliow both faces of the first disc to be water-cooled. In
cooling an actual nosetip, a sophisticated, pre:surized high velocity water-cooling system will be
required to maintain reasonable tungsten tempe atures during activation. The nosetip cooling anal-
ysis and the cooling system required for activai.on of a flight nosetip are described in Section 6.2. 4.
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Figure 150. Geometry for irradiation of tungsten
with direct electron beam.

The tungsten discs were irradiated directly with electrons at IRT for 1. 75 hours at an
electron energy of G0 MeV and an average current of 70 uA. The axial distribution of 1“'?"I‘n activity
is presented in Figure 116. As can be noted, dircct electron irradiation results in a significantly
higher activity level than was obtained by indirect (or collimated) bremsstrahlung irradiation. Com-
paring the activities obtained from each method for equal irradiation times, it can be shown that the
activation obtained by direct irradiation is over 13 times the activation obtained by indirect irradiation.

The measured radial distribution of 152Ta activity in each disc is shown in Figure 151.
The "full-width-half-maximums" of the radial distributions, as shown in Figurcs 147 and 151, are
compared in Figure 152. As can be noted, direct irradiation produces a slightly broader region of
activation. At a depth of 2 inches. the width of activated tungsten induced by direct irradiation is

.

k.
i #0150 FA il 0

i etk A iar aon pey iy crr e

1 e ey tr st A

(o P vt gy

Doty b o]

oAy

e T T

i ey it

pymex=id

wH

R

"

AT T R T el

pyt i

ryaly




=
=
=
=2
=
&=
=
=2

LT

R

FELATIVE ACTIVIEY

Figurc 151. Radial activation profile o

FULL -WID TH=-HALE-MAX UM (CM)

(5]

$

0

3 125 ¢m o8k 1 15¢m
" 04}
. ozu/
L ° z . R
-4 -2 g 2 L] -t -2 0 2 L
1.0
0.3
[ J-3% N
LY Ta0en
[P
o 7 . h
-3 -2 [ 2 4

190
08
0s

04
02

-4 -2

] -2

0

2 4

KOSIZONTAL DISIANCE

-
h24

°

VEITICAL DISTANCE

FIRST §-212t

FIFTH 4

s
P
-

SEVENTH Snfgt

CROALENTER fem) FAON CENTER {cm)

f 15275 activation

for 1.14-cm thick picces of tungsten irraai-
ation with 60 MeV clectron beam.

P
Vg
DIRECT ~ s
ELECTRON 2
- IRRADIATION
P
Vd
7
e
i
7
- 7
7
T /_______—/’1
1=
kg :
COLUMATED BREMSSTIRAHLUNG
IRTADIATION

] ! 1 i
2 4 é 3

TUNGSTEN THICKNESS (C\)

Figure 152, Comparisen of radial source distributions.

o L ¥

Z T e
S S




$,§$ &gf

i B

35 percent greater than the width induced by indirect irradiation. For a flight nosetip, as will be
indicated in Section 6.2.5, the activated width produced by direct irradiation appears to be accept-
able. If desired, the width can be reduced further by using a small electron-beam collimator and
a higher electron beam energy.

The activated tungsten discs (activated directly with electrons) were used in the assembly
shown in Figure 148 to determine the count rate as a functior of nosetip thickness. The measured
count rates are presented in Figure 153 for nosetip overhangs of 5.72, 6.86, and 8.00 cm. The
count rate dependence on thickness is similar to that measured with tungsten discs activated by col-
limated bremsstrahlung, Figure 149. The count rate is nearly a linear function of thickness with
a slightly increasing count rate per unit thickness (count rate versus thickness slope) as the tungsten
thickness is increased.
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Figure 153. Covrnt rate versus nosetip thickness for
direct electron irradiation, § cm overhang.

The estimated count rates for a tungsten nosetip irradiated directly with 60 MeV electrons
at 350 uA for 75 hours are presented in Figure 151. As can be noted, a count rate of over 10,000 cps
will result for a thickness of 5.72 cm. The irradiation time and counting rate for direct irradiation,
relative to indirect irradiation, are improved significantly with very little sacrifice in the radial
distribution of activated tungsten. In view of these results, it is rccommended that direct irradiation
be used for flight activation.
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6.2.3 Background Effects On Measurement Uncertainty

As has been noted, the BAAG system uses brcmsstrahlung radiation to convert the nose -
tip material, tungsten, into the gamma-ray isotope 18274, Bec-:use tungsten has good gamma- -
attenuation characteristics, a relatively large amount of the 18214 isotope is required to obtai. .
reasonable detector counting rate. The greater the amount of 1523 that is present in the nosetip,
the greater is the possibility of having a portion of the isotope migratc and deposit on the sidewall
heatshield (a phenomenon commonly referred to as source migration). The deposited sidewall iso-
tope will contribute to the counting rate by changing the background radiation, thereby introducing
an error in the ablation measurement. To estimate the error induced by possible source migratia. ,
measurements were made on ground test and flight test heatshiclds to determine the amount of tung-
sten nosctip material deposited on the sidewall. Assuming the amount of deposited 19213 is propor-
tional to the amount of deposited tungsten, an estimate was then made of the background rate that
would be expected for a particular instrumentation design.

Neutron activation analyses were utilized to measure the tungsten deposition thickness
on two test specimen heatshields. This was accomplished by wrapping the heatshield with a thin
layer of tungsten sheet, irradiating the assembly in a ncutron field, and counting the 24-hour 186y
radioactivity arising from necutron capture in tungsten. Several locations on the aft heatshield were
counted with and without the tungsten sheet. The ratic of the two counting rates can be related to
the amount of tungsten deposition on the heatshield. The heatshields that were analyzed included a
heatshield recovered from a SAMS tungsten nosctip flight test and a heatshield obtained from an

S0 atm spiked enthalpy tungsten nosetip test in the 50 MW arc-jet facility. For the SAMS heatshield,

3
i
i
i
g

0 e T L L

TR

e

AR e S At

it e oy

Dt B

i 4o

(Ui oy

phtiedt et A

MM st G




PN

the mean deposited tungsten thickness was measured to be 0. 15 micron with a variation of -20 percent
over the entire heatshield. For the 50 MW heatshield, a mean thickness of 0.6 micron was measured.
The thickness variation over the heatshield was between 0.4 and 0. % micron, and this variation appar-
ently was caused by the nonsymmetrical ablation behavior of the nosetip.

To estimate the importance of source migration, two tungsten sidewzll deposition rates
were assumed. In one case, the tungsten was assumed to be deposited and removed st equal rates
so that a constant tungsten thickness of 0.6 micron was maintained during the entire portion of re-
entry. In another case, the tungsten thickness was assumed to be dependent on the nosetip thickness
as shown in Figure 155. The calculated ratio of background counts to nosetip counts is shown for an
initial nosetip overhang of 5 cm and the detector shielding and collimator design of Figure 144, For
a constant tungsten deposit thickness of 0.6 micron, the background counts reach a maximum of $§ per-
cent of the signal when the nosetip has ablated 5 cm. Increasing the nosetip overhang or increasing
the amount of sidewall activity will increase this ratio accordingly. Because of the unknown amount
and behavior of sidewall deposition, it is recommended that two scintillators be used in the system.
One will be shielded from the nosetip to measure background radiation. The other will be collimated
to view the nosetip and will measure a combination of nosetip and background radioactivity.
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Figure 155. Calculated backgrovnd effects of 0.6 micron thick tungsten deposit
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6.2.4 Nosctip Cooling During Activation

Thermal analyses were performed on a tungsten nosetip for the purpose of estimating
the cooling requirements necessary to maintain the nosetip at a reasonable temperature level during
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irradiation. Direct irradiation of tte nosetip with electrons results in a large conversion of electron
energy into thermal energy. For the electron beam energy estimated to produce the desired flight
radioactive strength (Figure 151), approximately 21 KWV of thermal energy is generated in the nosetip.
To preclude changes in material properties that can occur in tungsten above 1500°F, a highly efficient
cooling system will be required to maintain the nosetip at reasonable temperatures, and/or the elec-
tron beam energy must be reduced.

To estimate the requirements of the cooling system, analyses were performed at electron
beam power levels of 21 kW and 10.5 kW. The 60 MeV electron beam currents at these levels are
350 A and 175 yA, respectively. The nosetip that was analyzed is illustrated in Figure 144. The
nose radius is 0.30 inch, with a 15-degree cone half-angle and a thickness of 2.25 inckes along the
centerline. The nosetip shank has a 0.50~inch diameter hole along the center to aid in gamma-ray
collimation.

During irradiation in a linear accelerator, the nosetip was considered to be encapsulated
in a pressure vessel (e.g., titanium) with high-pressure water forced through annular passages to
extract heat. The estimated power dissipated in the nosetip as a function of nosetip depth is presented
in Figure 156 for the 21 KV operating condition. The power dissipation was estimated by calculating
the heat deposition due to electron ionization and attenuation of the bremsstrahlung photons.

IHLIMAL DISSIPAHON (8BTU/HN)

-

= » « - + - .
3 .2 4 .8 .S .0 1.2 1.2 1.8

(-]

AXIAL DISTANCE FROM STAGNATION POINT IN)

Figure 156. Thermal energy dissipation in tungsten for
full-power direct electron irradiation.

For the power profile of Figure 156, it is estimated that the nosetip must be irradiated
for 75 hours to achieve an initial flight count rate of approximately 10, 000 cps for the geometry and
detector assembly of Figure 144. Because of the long irradiation time, thermal (ransients will be
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unimportant in defining the maximum nosetip temperature level. A steady-state, two-dimensional
thermal analysis of the nosetip was performed using the nodal network of Figure 157. The thermal
conductivity of tungsten that was used in the analysis was presented in Table 24.

1.00 1,20
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1-AXIN
0,00

0.40

0.80
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208 4 0.8 060 o 1.00 1.2 L4 1.6 1.86 2. 2.2 2:“ 2.6 Z.i0 3.8 320 20

Figure 157. Nosetip nodal network.

The thermal boundary condition at the nosetip external surface was computed using the
forced cooling ard water boiling correlations of Reference 52 as a basis. The correlations of Ref-
erence 52 were exirapolated to a water velocity of 15 ft/sec with 150°F subcooling, and these corre-
lations are presented in Figure 155. A maximum heat transfer rate of 2.5 x 106 Btu/ft2-hr is
estimated to occur at "burn-out.”

For the 21 kW electron beam irradiation condition, noset’; .aperatures over 4000°F
were predicted for the forced water cooling correlations of Figure 1 . With the same cooling corre-
lations, a2 maximum nosetip temperature of 2125°F was predicted for the 10.5 kW electron beam
condition. The predicted temperatures for the nodes of Figure 157 are presented in Table 27 for a
power level of 10.5 kW. As can be indicated by the temperature distribution, the major portion of
the heating is occurring near the nosetip stagnation point. Because of the high concentration of ther-
mal dissipation in the stagnation region, it is possible that "burn-out™” will occur and temperatures
higher than predicted may result. To ensure reasonsble temperature levels, it is recommended that
the clectron beam energy be reduced below 7 kW. This power level would require approximately
230 hours for irradiation, compared to the 75 hours required with 21 kW.

The estimated 230 hours required for irradiation possibly could be reduced by using a
thin tantalum section just forward of the nosetip. As canbe noted in Figure 156, peak dissipation
occurs at a depth of approximately 4 mm in the nosetip. By placing a 4 mm tantalum section forward
of the nosetip, the peak dissipation will occur on the surface of the nosetip, rather than within the
nosetip. This ll increase the ability to conduct heat to the surface of the nosetip. By forcing high-
pressure water between the gap separating the tantalum and the tungsten, power levels higher than
7 KW may be possible. Use of this higher power level and the subsequent reduction in irradiation
time will require further analysis for verification.
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6.2.5 Description of Flight System

A schematic of a preliminary flight nosetip design utilizing the BAAG system was pre-
sented in Figure 144. The nosetip is 2.25-inches long with a 2.0-inch long collimator. A Csl scin-
tillator is used to measure radiation from the nosetsp. An anmular ring of Nal scintillation material
is used primarily to measure background radiation. Tke signal from the Nal scintillator is aused to
correct the Csl signal for variations that -an occur in the background radiation. Both scintillation
crystals are bonded to 2 common photomultiplier tube to form a “phoswitch™ detector assembly.
The phoswtich uses the difference in the phosphor's decay time to distinguish between the two scin-
tillators. The phosphors generated ir Nal (T{) have a decay time of 0.23 msec versus a docay time
of 0.7 usec for Csk (T(). Using the large difference in decay time. the photomuitiplier pulses can
be screened electronically to differentiate between Nal and CsI interactions.  The phoswiteh technicue
has been used in space radiation experiments. In these experiments, a single photomultiplier tube
was used to monitor the counting rate from two scintiliators.

RGP B A

The sensor shown in Figure 144 is configured for a flight vehicle with the detector assem-
bly located forward of Vehicle Station 21. 72 inches. The photemultiplier is packaged with the preamps
and the high-voltage power supply in a gas-sealed container. The nosetip source strength is appraoxi-
mately 16 millicuries with an initial Cetector count rate of about 10,000 cps. A tefloa cap. placed
over the tungsten nosetip, is designed to expose the tungsten at approximately 35 kft.  This is the
approximate altitude at which the primary nosetip would be removed when a high-altitude weather
environment is encountercd. The tungsten subtip has a 0.50-inch nose radius with a 15 degree cone
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hali-angle followed by the regular vehicle cone angle of 6.4 degrees. The biconic shape is required
to provide adequate dei>ctor sidewall tungsten shielding to minimize the effect of background radi-
ation on the ablation measurement.

Table 27. Predicted steady-state temperatures for half-power irradiation.
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6.2.6 Conclusions

The BAAG system utilizes a nondestroctive method to activate a tungsten noselip for the
purpose of measuring nosetip ablation with radicactive countcr\. The nesetips are activated with a
high-cnergy electron beam to transform tuagsten into the 121, jsotope. A highly cfficient cooling
svstem is required daring irrsdiation to prevent the nosetip from exceoding 1S609F. At temperatures
above 1500°F, undesirable material prope~ty changes occur in tungsten.  An adegaate amount of
1827, jsotope can be formed in less than 230 hours of nosetip irradiation and resalt in a detector
counting rate of over 10,000 cps. The count rate versus thickness carve for the BAAG system has
been found to be nearly lincar. The linear dependence and high count rate result in a detector <vs-
tem with good measurement accuracy.
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design has been extensively flight-tested. Additional development required for the system includes:
1) designing and testing the phoswitch detector assembly, 2) designing and verifying the cooling sys-
tem and nosetip activation procedures, and 3) modifying for use on tungsten nosetips the calibration
procedures currently used for graphite nosetips.
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Because of the possibility of nosetip source migration and subsequent deposition on the

4 Jvehicle sidewall, it is necessary that two scintillators be used in the BAAG system. One scintillator ;

¢ will measure the background radiation that results from source migration and the other will measure

1 both nosetip and background radiation. The count rate from the former is used to correct the count

3 rate from the latter to minimize the measurement error induced by variable (or transient) background

1 levels. X

: f All electrical components in the BAAG systeni ‘have been developed and the basic detector
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APPENDIX A

APPLICATION OF PRIDDY FAILURE
CRITERION TO 994-2 GRAPHITE
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Al1.0 DESCRIPTION OF FAILUREF. CRITERION

The Priddy failure criterion (Reference A-1) is a general macroscopic failure criterion
applicable to brittle anisotropic materials. It consists of a cubic equation failure surface having
the following properties:

1. Arbitrary stress states are accounted for, including effects of stress
interaction and shearing stresses.

2. The failure surface is invariant with respect to the coordinate system
used for stress-strain response calculations.

3. The failure surface is smooth, continuous and convex (but open in
1:1:1 compression).

4. The failure surface passes through measu-ed strengths.

When this criterion is specialized to the case of an axisymmetric solid of revolution in
a material having transverse isotropy, the failure surface is given by:

2 2 2 2 0 .
+ + +C2 +C3
.1\11'1_z + Blo-z : BZa-r + B3o-0 C1¢rza-r C Uraé o-aoz
+ F9 EN - 3 - 2)
- (Ela‘z 3 E..(Tr 530'8) (q'z(rr a-ra-a o—aa-z T!‘Z (A—l)

- ch'z - 1320'r - D3¢r‘9 -F (o'rvoo-z - agfrz)

The coefficients in Equation (A-1) are calculated from nine measured strengths defined below:

FTZ tensile strength, Z direction

FCZ compressive strength, Z direction
FTTH tensile strength, 0 direction

FCTH compressive strength, @direction
FSRZ  shear strength, RZ plane

QTHZ Dbiaxial tensile strength, 8Z plane
PTHZ biaxial compressive strength, Z plane
QRTH biaxial tensile strength, Ré planc
PRTH biaxial compressive strength, R plane

The sequence of calculat’on to obtain the coefficient= ia Equacion (A-1) is given by:

1
Al=—"—3—
FSRZ
1
Bl = FT? - FCZ
PP B
FTTH - FCTH
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FCZ - FTZ
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Do = - |FCTH - FTTH

- | FCTHl « FTTH
D3 = D2 ‘
Pl = PTHZ
P2 = PRTH
P3 - Pl
Q1 =QTNZ
Q2 = QRTH
Q3 =Q1

3 3
1 Q1 + Pl

1=-(B1 2 2 -

C (B1 +B )+P1Q1 [Pl- QL (PL+ Q1) + (D1 + D2)(P1 Ql)]
[ Q23+ p28

. 1
C2=-(B2+B3)+ pqe lpz TR R Q) + (D2 + D3) (P2 - Q‘Z)]

C3=C1
1 1 1
BB1 =a (BI+B2—C1)———§- 5~ (D1 + D2)
Q1" Q17
BB2 :l_ B2 + B3 -C2 —]-'— D2 D,
- Q2("‘ "')- 3- .)(“+ 3)

Q2" Q2
BB3 = BBl

El= —_i—(nm - BB2 + BB3)

E2~= (BB2 - BB3 - BB1)
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E3 = E2
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A2,0 STRENGTH DATA FOR TRUNCATED 994-2 GRAPHITE
Average strengths for truncated 994-2 graphite needed in the Priddy failure criterion
were based primarily on tensile tests at 70CF and 2000 °F conducted at Southern Research Institute
(SoR1I) for the Material Requirements Definition (MRD) program (Reference A-2).
For temperatures above 2000°F and for compressive values, average fatlure stresses
were based upon SoRI data for non-truncated 994-2 graphite in Reference A-3. These results are
summarized below: :
Average strengths (psi) for truncated 994-2 graphite.
o
Temperature ( F)
70 2000 2500 3000
Across Grain Tensile Strength (FTZ)
Sample Size 53 90 7 7
Average . 4274 4507 5127 5217
Across Grain Comprassive Strength (FC2)
Sample Size 4 ——- - 4
Average 11840 12679% 13523 13760
\With Grain Tensile Strength (FTTH)
Sample Size 41 55 7 7
Average 5677 6551 6730 7250
With Grain Compressive Strength (FTTH)
Sample Size 6 -— -—- 9
Average 10270 11295* 11603* 12500
*
Estimated from ratio of compressive strength to tensile strength .
) .-
at 3000 F
To estimate the oqual biaxial tenstle strength in the 8Z plane, off-axis test results de-
scribed by Jortner on ATJ-S graphite (Reference A-4) were used. These results at 70°F and 2000°F
{Figure A-1) show that a smooth curve passing through the centroid of uniaxial and biaxial strengths
also goes through the following cqual biaxial strength:
QTHZ = 0.90 FTTZ.
198 .
E
i
i
: o - . 8 3




s A g2

Biaxtal failure stresses at 70°F (ATJ-S).
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Biaxial failure stresses at 2000°F (ATJ-5).
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Figure A-1. Biaxial failure stresses for ATJ-S graphite.

It is reasonable to assume a similar result for equal biaxial strength in the #R plane:

QRTH = 0.90 FTTH.

The equal biaxial compressive strengths were estimated as the smaller of the two uniaxial
compressive strengths:

PTHZ = MIN (FCZ, FTTH)
PRTH = MIN (FCTH, FCTH).

To determine the RZ shear strength, it was assumed that off-axis uniaxial strength pre-
dicted 15 a function of off-axis angle:

1. should be a smooth-shaped. slowly varying curve in compression

that follows measurements on ATJ-S graphite (Reference A-5) and,
2. should have 45-degree tension values close to measured strengths
for non-truncated 994-2 graphite (Reference A-3).
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Using assumed values for average shear strength iogether with average strengtas previously assigned,
off-axis compressive strength, o, was calculated from Equation (A-1) by trial and error. For this
purpose:

1
o_=3 01 - cos2é
r -

where & is the off-axis angle (& = 0 AG: & = 90 WG). These results in Figures A-2 through A-35 show
that, as expected, off-axis compressive strength is sensitive to the assumed shear streagth. The
best estimate of shear strength required to satisfy the two requirements described above is summa-
rized beiow:

Estimated shear strength for screened 9931-2 graphite.

Temperature (°F) FSRZ p=i)
30 1000
2000 1500
2500 43750
3000 5000

It should be noted that these shear strengths:

1. are a smooth function of temperature, and

2. give 45-degree tensile strengths pradictions witkin 200 psi of
measured strengths for non-truncatesd 994-2 graphite at 70°F
and 2000°F.

To summarize, the nine strengths requirad in the Priddy criterion for truncated 993-2
were determined as follows:

1. Uniaxial tensile strengths at 70°F and 2000°F were based
upon MRD test results for truncated 994-2 in Reference A-2.

2. Uniaxial tensile strengths at 2500°F and 3000°F were based
upon non-truncated 994-2 graphite in Reference A-3.

3. Uniaxial compressive streagth were basad upon mon-truncated
994-2 graphite in Reference A-3.

4. Biaxial tensile strengths were calculated as 90 percent of
the smaller of the uniaxial value based on ATJ-S data
{Reference A-4).
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5. Biaxial compressive strengths were assumed equal o the
smalles of the two uniaxial compressive strengths.

6. Shear sirengths were estimated from off-axis uniaxial com-
oression tests on ATJ-S graphite (Reference A-5).

+ ATJ-S GRATHITE AT 200 T0PIRATUSE
JORIER, J., “MULTIAAIAL BEHAVIOR CF AT)-S
GRAPHITE INTIRIM 2EPORI, " AFML-TR-71-180,
JULY 1571
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Figure A-2. Off-axis strength oredicted v Priddy theory for
934-2 graphite as a function of RZ shear strength,
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A3.0 MARGINS-OF-SAFETY FOR STRUCTURAL ANALYZ:ZES
Margins-of-safety are calculated for each finite element from the proxtmnity of the applied
stress vector to the Priddy fallure surface as Indicated in Figure A-6. .
PRIDDY
FAILURE SURFACE FOR
BY 95/95 SIPENGTHS
-~ - PROB = 025
s "
N i
‘;q“
W
w
b
&
-t B
3 SIRESS LOCAIION
2 IN FINITE ELEMENT - )
——————— A
| F
|
|
|
1
)
RADIAL STRESS = HOOP SIRESS
Ms o (USSR 1 100 gescenn
ALLOWABLE = (8
APPLIED = 0A
Figure A-6, Priddy margin-of-safety calculation,
For thermostructural analyses of nosetips, margins-of-safety ave ealeulated with 95 95
allowable strengths for a lictltlou». finite element having the same volume as the volume of the Ref-
erence A-2 data base (0,038 in® ) s0 that margins-of-safety are not dependent on mesh size.  The data
base used to estimate statistical varlation in the referenced strengths consists of at least 90 samples
in each of the with-grain and across-grain directions, For a sample size of 90, the 95795 allowa sle
corresponds to strengths of approximately 2,5 percent failure probability., To reduce average
strengths in Table A-1 to 95,95 level strengths, Weibull distributions were tit through with-grain
and across-grain strengths at 70°F and 2000°F (Figures A-7 and A-8): '
.-

Fm)-l-nxv(-rﬁu-é) b

where

i
14

1

5 §
1
¥

£

H

i

F(R) is the cumulate probability of tailure for a normalized strength, R
R is strength divided by average strength
[~ is the Gamma function.
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Table A-1. Average strengths and Weibull statistics

{» for truncated 994-2 graphite (psi).
i WEIBULL TEMPERATURE
: RSN (] ) '
¢ STRENGTH STATISTIC 70 2000 2500 3000
. ) 0 WA 32 4274 4807 5127 5217
FCZ 32 11840 12679 13523 13769 ,
FTTH 16 5677 6551 6730 7250
FCTH 16 10270 11295 11603 12500
FaR?, 16 4000 4500 4750 5000
QTHZ 16 3847 1326 1614 1695
PTHZ 16 10270 11295 11603 12500
QRTH 16 5109 5896 6007 G525
PRTH 16 10270 11295 11603 12500
According to Figures A-7 and A-8:
B = 16 for with-grain strengths at any temperature
B = 32 for across-grain strengths at any temperature.

The required multiy lying factor, RFAC, used for obtaining any fallure strength probability, PROB,
from average streng h is given by (Table A-2):

I ]
RFAC = -(n(l - PROB) B
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Table A-2. Multiplying factors, RFAC*, for calculating
strengths at various probabilities of failure.

32

1
r(l *16 )'

r(l + —1—) = 0, 9F 290

CUMULATIVE WITH ACROSS

PROBABILITY GRAIN GRAIN
OF FAILURE B =16 8=32
0.50 1.01010 1. 00581
] 0. 40 0.99101 0. 99626
0.30 0. 96901 0.98514
0.20 0. 94102 0.97081
£ 0.10 0. 89791 0. 94831
| § ’ 0.05 0. 85840 0.92721
i 0.025 0. 82135 0. 90698
0.01 0. 77526 0. 88117
0.001 0.67116 0. 81987
0.0001 0.58119 0.76294

1

. RFAC = L-nq@-rPrOB)]B
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A4.0 PROBABILITIES OF FAILURE FOR STRUCTURAL ANALYSES

In calculating the probability of failure for a finite element, the average strengths in
Table A-1 are scaled to the finite element volume using the Weibull statistics fitted to the 994-2
data base. The volume correction used for this purpose is given by:

e

S(V) = (V“EF) B - S(VREF)

¥ ;:L*'fl"’, R

where

S(V) is the average strength for a finite element of volume V
S(VREF) is the average strength for a reference volume (0.038 ind) .
shown in Table A-1
B is the Weibull statistic for strength.

ik

RN ‘["l‘r Hilte

G

R

The probability of failure for a finite element is obtained as follows:

1. Average strengths for the finite element are calculated using the
volume correction described above,

2. Trial-and-error failure strength probabilities are used to find
the Priddy failure surface that passes through the applied stress
vector (Newton-Raphson root extractor).

The overall probability of failure for a nosetip is then calculated from the conservative
assumption that failurc in any one finite element constitutes an overall failure in the nosetip:

i=n
= - - P
()
where
» is the overall probability of failure

PF‘ is the probability of fatlure in finite element i

i=1,n are the finite elements with temperatures betow 3500°F,
Ad1 SUMMARY .

The Priddy failure criterion was developed for 994-2 graphite using tensile test data
obtained for the Matevials Requirements Development (MRD) program. Using a statistical treatment
of the referenced strength data base, the criterion can be used to account for volume effects in nose-
tips and to predict probabilitics of failure. The resulting biaxial and triaxial failure surfaces for
994-2 graphite are shown in Figures A-9 through A-12. The influence of applied shearing stress on
the 0-Z biaxial failure surface is shown in Figure A-13.
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Figure A-11. R6-Z spline allowable for 994-2 at 70°F.
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Figure A-12. RO-Z spline allowable for 994-2 at 2000°F.
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APPEXNDIX B

RECESSION AND TEMPERATURE HISTORIES
OF SOLID AND SEGMENTED TUNGSTEN
ABLATION MODELS IN AFI'™L 50 M\V ARC-JET
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FICURE B-11. ABLATION HISTORY FOR
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FICURE B-13. ABLATION HISTORY FOR
SEGMENTED NOBSETIP AT SOMW FRCILITY
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FICURE B-14- RBLRTION HISTORY FOR
OEGMENTED NOSETIP AT SOMW FRCILITY

MOGEL NO. 1-4 COPPER INFILTRATED SEGMENTS
R52-309-4 NON-ROTAVING STING DWELL TIME=1.970SEC

0O NGRTH CAMERA < 5S0JIH CAMERP
X PRE AND PQSY MEAS.

S = 0.366 IN/SEC x

RECESSION (INCH!

: ] ]
.80 1.20 1.60 2.00 Z2.40
GWELL TIME (SECH

227




FICURE B-1s. ABLATION HISTORY FOR
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FICURE B-17- RBLATION HISTORY FOR
SEGMENTED NOSETIP AT SOMW FRCILITY
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FICURE B-18- RBLATION HISTORY FOR
SEGMENTED NOSETIP AT SOMW FRCILITY
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